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EXTRACT FROM THE FOREWORD TO VOL.I

NucLEAR PHYSICS has firmly established itself as a separate branch of physical
science, and indeed within its field segregation is taking place: some researchers
specialize in the construction of accelerating machines, some in the design
of detecting equipment, others in the mathematical interpretation of results.
This specialization we may regret, but we cannot prevent it. The best we
can do is to minimize its ill effects by making it easier for the physicist to
obtain information outside his special field.

This volume is intended to help both the nuclear physicist in finding in-
formation in fields adjacent to his own, and the other scientist in getting an
introduction to some technique in nuclear physics which he may wish to use
for his own purpose. It is planned that a similar volume will appear every year.

O. R. Friscr
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THE ELECTRON OPTICAL PROPERTIES
OF MAGNETIC BETA RAY SPECTROMETERS
N.F.Verster

INTRODUOTION

The design of beta ray spectrometers has been greatly improved during the
last years and a material increase in both luminoesity and resolving power has
resulted. It seems worth
while to compare the
results achieved until
now and to make an
electronoptical analysis
of the most important
types of spectrometers.
Only those types will
be discussed in which
the electrons are focused
by rotationally symme-
tric magnetic fields.
These fields can be used
to focus electrons in two
entirely different ways
(Fig.1). In the first case
the electron trajectories
are about normal to the
direction of the magnetic
field and the LORENTZ
force resulting from this
movement deflects and
focuses the electrons.

Depending on the direc-
. . . Fig. 1. (a) Electron trajectories in a prismatic spectrometer.
tion of the field either (b) Electron trajectories in a spectrometer of the lens type.

positive or negativeelec-

trons are deflected in the right direction. Instruments, based on this principle,
will be called prismatic beta ray spectrometers. In the other case the electron
trajectories make only a small angle with the axis of symmetry of the magnetic
field. Due to the LoRENTZ force the velocity of the electrons gets a component
normal to the axis and to the original direction and the LorENTZ force caused
by this new component directs the electrons back to the axis. If the direction
of the magnetic field is changed the electrons rotate in the opposite direction,

1 Progress in Nuclear Physics, Vol. 2 1



THE ELECTRON OPTICAL PROPERTIES OF MAGNETIC BETA RAY SPECTROMETERS

but the second mentioned LorENTZ force does not change its direction. For
this reason the radial movement is independent of the sign of the charge of the
electrons, and a separation of both types of electrons is only possible if the
transmission depends on the angular movement. Instruments of this kind
are called lens type beta ray spectrometers.

A complete electronoptical analysis of the focusing of electrons by rotation-
ally symmetric magnetic fields of otherwise arbitrary shape is very complicated,
mainly because the electron path is described by non-linear second order
differential equations. Approximate solutions can be obtained by using a suit-
ably chosen series expansion.

Spectrometers of both types can be constructed using a homogeneous
magnetic field. In this case an analysis of the focusing mechanism is very
simple. As these instruments show many properties of spectrometers using an
inhomogeneous magnetic field they will
be discussed to some extent. The
derivation and solution of the ray path
equations valid for inhomogeneous
fields is outlined in the appendix. Al-
though non-relativistic mechanics are
used the equations (after elimination
of the time variable) are valid for any
value of the electron energy if the
relativistic value myv (1—v%/c?)} is
taken for the electron momentum p.

Fig. 2. Helical trajectory of an electron in a This is s0 because t}_le Lorentz force is
homogeneous maguetic field. normal to the velocity and so does not
change the energy of the electron.

An electron, moving in a homogeneous magnetic field will describe a helix
(Fig.2). The motion in the direction of the field is linear, while the motion
normal to this direction is circular with a radiusr = (p/e B) sin (p, B) or
Br = (p/e) sin (p, B) B being the value of the magnetic induction (in Gauss) and
e the charge of the electron (in E.M.U.).

If the electron moves normal to the field direction, we see that the product
of magnetic induction and radius of curvature is equal to the ratio of the mo-
mentum and the charge. For this reason a quantity (Bg) (magnetic rigidity)
can be defined by (Bg) = p/e while it is also possible to express the momentum
in electron gauss centimeters in the same way, as the energy can be expressed
in electron volts.

We then have

r =45 2-sin (p, B). (1)

The following relations exist between the kinetic energy and the momentum
Yl p B .
b= “/( l~7044kchm) +1 l] X 0-5110 Mev

=-E B 3.379keGem
p IMev T 10220 (Mov)? '




THE SEMI-CIRCULAR SPECTROMETER

Simpler relations hold between # defined by 7 = p/m, ¢ and ¢ defined by
€ = wfm,c?, w being the total relativistic energy.
We get
e=n2+1
E = 0-5110 (¢ — 1) Mev
p = 17044 5 keGem.

As the momentum of electrons is proportional to the radius of curvature
of their trajectories as well as to the value of the magnetic induction, a spec-
trum can be explored either by measuring the intensity of the electrons at
different places in a constant field or by keeping the position of the detector
fixed but varying the value of the induction. The first method can only be
applied with success in a prismatic spectrometer with a homogeneous field
(semi-circular spectrometer). A large part of the spectrum can be registered
simultaneously on a photographic plate. In the second case a Geiger counter
is usually used as detector. The spectrum has to be measured point by point.
The latter method has many advantages, for instance, the possibility of
improving the focusing action of the field by the use of a suitable chosen in-
homogeneous field shape. If the magnetic induction is proportional to the
current through the magnet coil a measurement of this current directly yields
the momentum of the detected electrons after calibration in one point. If
an iron yoke is used, in general, the induction is no longer proportional to the
current and will depend on its history so that a direct measurement of the
magnetic field becomes necessary. The iron yoke must be designed in such a

way that the field shape does not change when the value of the induction is
changed.

and

THE SEMI-CIRCULAR SPECTROMETER

In a prismatic spectrometer, using a homogeneous magnetic field, the electron
trajectories are circular and focusing takes place after 180°. Such an instrument
is called a semi-circular spectrometer. It
has been developed by RUTHERFORD
and RoBiNsoN!in 1913. A large number
of these instruments has been described,
using either photographic plates or Geiger
counters as detectors. They are well
suited for absolute measurements of the

. 4
momentum 2. They are generally designed M:gro
to yield a high resolution, the trans- z A =
mission is howe\fer very low. The electron g s coordinates used in the description of the
optical properties can be derived in a semicircular spectrometer.

simple way (Fig.3), as follows:
Assume a magnetic field B, in the z direction. An electron, leaving the
origin under an angle « with the xz plane and an angle g with the zy plane

will, according to eq.(1) describe a helix with a radius r = _(%9-) cos f. For
not too large values of § the angle between the projection of this helix on the

10 3



THE ELECTRON OPTICAL PROPERTIES OF MAGNETIC BETA RAY SPECTROMETERS

zy plane and the x axes is equal to «. This helix intersects then the yz plane
in a point y =2 8 9) cosacos f, z = (I;") sin 8. Electrons with a momen-

tum p, leaving the ongm under small a.ngles « and B are thus focused in the
yz plane on the line y = 2r,, 7, being given by p, = eB,r,. Electrons
with a momentum p equal to p,(1 +- 4) and starting under somewhat larger
angles will strike the yz plane at a distance s from this line, s being ex-
pressed by

==+ +24. @)
The first term represents the spherical aberration, the second one the chromatic
aberration or dispersion. The shape and intensity of the image on a photo-
graphic plate placed in the yz plane
can be calculated by this equation. The

intensity distribution across the image
T
Intensify
I
2
2z
o Cmar s 0 ZV
——— ———— -
Fig. 4. Intensity distribution along the image of a point Fig. 5. General shape of a transmission curve
source as formed in a semi-circular spectrometer. (line profile).

of a point source is given in Fig.4. To estimate the properties of the in-
strument in case the electrons are detected by a Geiger counter, the aberra-
tion expression (2) is better used as
{2+ ﬂ’) 8
A= + '2;;‘ .
The variation in 4 due to the first term depends on the luminosity, while the
influence of the second term is determined by the source and slit widths.
From the limitation of «, f and s it is possible to calculate for any value
of A the fraction of all electrons with a momentum corresponding to this value
of 4 reaching the Geiger counter. The maximum fraction is called the trans-
mission 7'. The line width W is measured at half this value (Fig.5). The
resulting curve (the transmission curve) represents the momentum distribution
of the electrons entering the counter for a constant value of the magnetic
induction B as well as the line shape obtained for monokinetic electrons by
varying B.
In order to compare the types of instruments to be described we will
introduce some quality factors in the following way: Assume that the dimen-
sion of the exit opening is equal to the image of the source. The transmission

4



PRISMATIC SPECTROMETERS WITH AN INHOMOGENEOUS FIELD

is then entirely determined by the exit angles, while the total variation in 4
is equal to twice the contribution of the source dimension (d) and twice the
contribution of the spherical aberration. This last term will be either propor-
tional to the transmission or to the square of the transmission in the different
types of spectrometers.

We will assume that the line width W is equal to one half of the maximum
variation in 4. A spectrometer can be characterised by one of the following
formula: P

W=258T+ (3a)

or d
W=28,T+ (3b)

the factors S; and S, will be called the spherical aberration factors and D
will be called the dispersion factor.

In the case of a semicircular spectrometer we have D = 2r,. A circular
baffle limiting « and 8 to «? + 2 < y2 will yield a transmission of 7z 93/4 7w = 2
and & maximum variation in A4 equal to 4y%. The line width is in this case
proportional to the transmission corresponding to eq.(3a) with S;=2. The
maximum value of § is in general limited however by the length of the exit
slit to a very low value. In order to obtain a reasonable transmission the value
of a has to be increased so that agx > Bmax- It i8 clear that this limitation of «
and B is less favourable with respect to the ratio of line width and transmission.

The transmission is equal 10 o,y X frnax/7 and the maximum variation in
A is given by of,,/2. This corresponds to eq.(3b) with S, = n%/28%,,.

In many applications the surface activity of the source is given rather than
the total activity. The effective area, defined as the product of source area
and transmission is then a good measure of the luminosity. The optimum
source width d for a semicircular spectrometer with «>>f can be calculated as
d=2DS,T? The performance of a spectrometer with 7, =20cm and a
length of the source and exit slit of 1:2 cm is shown in Fig.15 and Fig.16.
The transmission is calculated for a point source, the effective area for the
value of the source width given above.

The semi-circular spectrometer has been greatly improved by the use of
an inhomogeneous magnetic field in two ways. First the influence of « on the
spherical aberration has been eliminated so that larger values of « can be used
and secondly it has been possible to obtain axial focusing so that a more favour-
able limitation of « and 8 is possible. As in this case also the spherical aber-
ration is reduced, resulting in a further decrease in S, and the dispersion is
increased the latter method has yielded very good results.

PRISMATIC SPECTROMETERS WITH AN INHOMOGENEOUS FIELD
Using cylindrical coordinates r, ¢, z with the reduced coordinates p = L;-'—"

[]
and { = 2/r, the focusing of electrons leaving the point {= {, of the line source
¢=0, 0 =0 with a momentum p = e B, ro(1+4) under exit angles «
and B will be studied in some detail. The radial displacemernt in the focal

5



THE ELECTRON OPTICAL PROPERTIES OF MAGNETIC BETA RAY SPECTROMETERS

plane will be denoted by s. As the exit slit is parallel to the axis the axial
displacement is of minor importance. The magnetic field is rotationally sym.-
metric around the z-axis and symmetric with respect to the median plane
z = 0. This last condition has to be understood as a symmetry of the vector
potential. The induction is then antisymmetric due to its pseudo vector
character. Under these symmetry conditions an adequate description of the
entire field distribution is furnished by
the value of the magmetic induction B (g)
in the median plane due to the field equa-
tions div B =0, curl B=0. B(g) can be
expanded in the series

B(p) = By(1 +k9+192+m93+...)_ 4)

A systematic analysis of the focusing
properties can be made by studying the
influence of the successive terms in this
¥ia.6. ffm;":::;::\:t‘;rgpi;t:g:\;i:ﬂpum series. The first term B, determines the
momentum of the electrons following the
circular trajectory r =r, viz. p=e B,7,. The next coefficient k¥ governs the
behaviour of electrons moving at a small distance from this circle. If the
electrons start at ¢ =0, ¢ =0, { =0 they are radially focused at ¢, = 7 (1 + k),
@ = 0 while they are focused axially at ¢, = n(—k)}, p = 0. The radial
dispersion is given by s/ro = 24/(1 + k). The dispersion factor D is thus equal
to 27¢/1 k. To calculate the trajectories of electrons travelling at a greater
distance from the circle p = 0, { = 0 the value of / has to be taken into account.
The solution of the equation of motion then yields the required expression for
8=28(4, a B, ). In the case of a semicircular spectrometer the magnetic
field is characterized by k = 0, corresponding to radial focusing after 180°
and no axial focusing,
The aberrations are in this case given by

A=L[36+-4l] +ﬂ+(2n’—4)_l]_

— 1 —allof+ 5 (6)

In the case of a homogeneous field spectrometer (I —0) we find A =

@8 L 2 i The radial spherical aberrati
——~2——+E in agreement with (2). e radial spherical aberration can

be eliminated by choosing ! =—3. We then obtain3
A=2708%+ 0753+ 235, B + ‘2% . (6)

The focusing angles ¢, and @, remain 180° and infinity respectively. The
dispersion remains also unchanged.

The aberration expression shows that the radial spherical aberration has
been eliminated at the expense of a large increase in axial aberration while also
terms depending on {3 and ¢, f are introduced.

By using a special method to solve the ray path equation, Bempuk and
Konorinski® have also calculated the values of the next terms in the series

6



PRISMATIC SPECTROMETERS WITH AN INHOMOGENEOUS FIELD

expansion of B(g) required to eliminate the radial aberration to a high order.
The required field is given by

Blo) = By(1-§e*+{e'— o' + ke ). (7)

LancEr and Cook* have described a shaped field spectrometer in which this
magnetic field is used. The radius r, of the principal ray path has the large
value of 40 cm. The total variation in « equals 32°. Using a source of 4 mm
width a line width W of 0-56% by a transmission 7" of about 0-1% is obtained.

Although this represents a very successful improvement of the homogeneous
field spectrometer, still better results have been obtained by chosing a more
favourable value of the coefficient k. The most favourable value seems to
be k=—14. In this case both radial and axial focusing take place after )2
radian = 255°. The aberration is described by

_ a2@8l—1) | p(3—8l) , 13(3—4) s
A=—"¢— s Tty ®

+

The term depending on ¢, 8 has vanished and as a result of the axial focus-
ing the influence of the { depending term can be eliminated by using a curved
exit slit. The dispersion in twice as great as for a corresponding 180° spectro-
meter. For I = } the radial aberration will vanish, the axial aberration then
being equal to A = f2/3 4 --- while for I = § the axial aberration vanishes, the
radial aberration being 4 =w«?3+ :--. If one choses ! =} the aberration
expression gets the shape 4= (a?+f2)/6 + £3/6 -+ s/dr,.

A circular diaphragm limiting o and 8 to a2 -+ 2 < 4T will in this case
yield best results® and can be realised in practice as § is no longer limited by
the height of the exit slit. The spherical aberration constant 8, in this case
gets the value of §. Under similar conditions a homogeneous field spectro-
meter yields S, = 2, so a gain of a factor 3 is obtained while for a spectrometer
without axial focusing this favourable limitation of « and § can only be realised
for extremely low values of the transmission. It is also possible to use [ = }
and eliminate the radial spherical aberration to a high order by a suitable
choice of the coefficients m etc., but this has as yet not been done. The required
field shape is given by®

Blo) =By(1-}eo+3e*+ e —Ryo*+ ). 9

The properties of the double focusing spectrometer have been amply
discussed by SIEGBAHN and SvVARTHOLM? 8, ® and by SHULL and DENNISON1®,

S1EGBAHN and SvarTHOLM? ® describe a small scale spectrometer with a
mean radius of curvature of 12:5 cm. Over a region of 2:6 cm the field shape
18 proportional to 7}, corresponding to ¥ =—3,1 = 3. A line width W 0-6%
by a transmission T' of 0-15% is obtained. Recently HEDGRAN ef al™ have
described a large instrument with a mean radius of curvature of 50 cm and
a polegap of 28 cm. The value of [ is §, so that a high value of 8 can be used.
The linewidth and transmission are varied by shutters only limiting the radial
exit angle «, while 8 remains 0-2 radian. A maximum transmission of 1% can
be obtained. Using a source of 5 mm width a line width of 0-9% is then obtained.

7
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The resolving power can be substantially increased by reducing the trans-
mission.

SHULL! describes a double focussing spectrometer with a mean radius of
curvature of 17 em. The value of ! is §. By a square baffle both « and g
are limited to +0-1 radian. A line width W of 0-33% by a transmission 7' of
0-32% can be achieved.

KuRiE et al.)? have built an instrument with 7, = 24 em yielding a trans-
mission of 0-2% by a line width of 0-33%. The value of ! lies between } and %.

The double focusing spectrometer with ! = } and a circular limitation of
o and B can be described by W = 8; T' + d/D with the values 8, = § and
D = 4r,. The shaped field 180° spectrometer can be characterized by W =
Sy T2 4 d/D with 8, = 2-70 n?jad,, and D = 27,, if we assume that the
radial spherical aberration is completely eliminated for a < a .. The value
of T is however limited by the maximum value of 3, accepted by the exit slit.
In the corresponding case of a double focusing spectrometer using the field
shape given by (10) we find S, = 2?/3a2,, and D = 4r,.

In Fig.15 and 16 the theoretical performance of these types is represented
for the following dimensions:

ro = 20 cm, length of the source and exit slit 1:2 cm and for the first and last
type oyax = 0-3 radian.

The transmission has been calculated for zero source dimensions while the
effective area has been calculated for an optimum source dimension.

|4wis Design of the magnet

Lron yoke .
% 7 7 Although an iron free magnet has the
// 4 t//// advantage of a direct proportionality

o “ / between the current through the coils

and the momentum of the electrons,

1 \8877 the use of an iron yoke is for most

ﬂ / applications more favourable as the

\ Vocuum chamber \ ol required number of ampere turns is
' greatly reduced. The required field

Fig. 7. Common design of a magnet for a . .
prismatic spectrometer. shape can be obtained by a suitable

shape of the pole faces. This is
generally determined experimentally. Fig. 7 shows a common design of
the magnet for a prismatic spectrometer.

The beta ray spectrometer of KoroED-HANSEN

A prismatic spectrometer of an entirely different and promising design has
recently been built by KoroEp-HANSEN efal.38. A schematic illustration
of this instrument is given in Fig. 8. The source and counter are placed on
the axis and the lines of force describe circles around the axis. Between the
flat pole faces the field strength is inversely proportional to the radial distance.
The focusing is governed by the shape of the boundary curve of the pole pieces
and the large degree of freedom in this shape allows an essentially exact

8



BETA RAY SPECTROMETERS OF THE LENS TYPE

focusing of electrons starting in widely different directions. Exit angles between
50° and 150° are used. Two-directional focusing takes place due to the axial
symmetry of the instrument (neglecting the effect of the fringing field).
A transmission of 12% by a resolution of 2% has been obtained with a source
diameter of 5 mm.

Fig. 8. A schematic illustration of the spectrometer of KOrorn-H \NSEN ef al 32, utilising 6 gaps of opening
angle 30°.

BETA RAY SPECTROMETERS OF THE LENS TYPE

The electron optical design of lens type beta ray spectrometer has been greatly
improved during the last years. The results have been obtained, however, in
a somewhat different way as compared with the development of the semi-
circular spectrometer. In the latter case the original instrument uses a homo-
geneous field while the field shape for the improved types, namely the shaped
field 180° spectrometer and the double focusing spectrometer, can be calculated
exactly by theoretical methods. This results from the fact that the focusing
quality is completely determined by the first few coefficients from the series
development of the magnetic induction B(g) (4). The properties of a magnetic
lens on the other hand depends on the value of B(z) along the axis so that a sy-
stematic analysis is no longer possible as instead of a few coefficients an entire
function is of importance. It will be shown, however, that the lens can be
characterised by a few constants. The value of these constants can be esti-
mated from a rough knowledge of the field shape. The question of optimum
design is still very complicated. As lenses of high quality require more copper
and power than a low quality thin lens, and as a spectrometer can be improved
as well by increasing the quality of the lens as by increasing its dimensions,
the optimum lens design depends also on economical considerations.

Lens type spectrometers with a homogeneous field are not essentially
different from those with an inhomogeneous field while the simplicity of the
ray path equation makes it possible to obtain some fundamental propertiesin a
simple way (Fig.9).
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An electron, leaving the z-axis at z = 0, will describe a helix. The time 7
required for one revolution of an electron with a momentum p if given'by
T = 2nmfe B. After one revolution the electron will cross the axis again at the
point x = (2xp/eB) cosa. The radial part of the movement is sinusoidal and
is given by (Bo) B

r=2 —B-g— sin « sin [z W] (10)
where (Bp) is equal to pje.

The momentum of the electrons focused at z = I for small values of « has
the value of p, = ¢(Bg), = e B X /2x. Electrons with a momentum p,(1 + 4)

Rodial distonce
r
a s @
2:0 zons \ 2< cosa ;l /2 oxis
Fig. 9. Electron trajectories in a lens type spect ter with a homc field.

and starting under somewhat larger exit angles will strike the focal plane at
a distance s from the axis, s being represented by

8=Aal—adl2. (11)

This expression is analogous to the expressions obtained for prismatic spectro-
meters (eq. 2, 5 and 8). The first term represents the dispersion, the second
one the spherical aberration. It is clear that the centre of the lens cannot be
used as the dispersion is proportional to o.

The ray path equation, describing the trajectory in a rotationally symmetri-
cal field of otherwise arbitrary shape can be expanded in powers of r. The

first term yields -2_22:--r X B%(z)/4(Bp)® = 0, B(z) being the value of the

magnetic induction along the axis. The value of B(z) describes the entire field
shape due to the field equations div B = 0, curl B = 0.

The momentum p, of the electrons focused at z = ! for small values of «
is determined by the boundary conditions r(0) = 7(l) = 0. The next term
in the series expansion allows a calculation of the spherical aberration. The
dispersion is calculated in a similar manner?3. The aberration expression gets
the shape

s§=AAaC;—a®Cy; or A =a2%: + —a%:.
The value of C, and C, can be calculated from B(z) and the electron trajectory
for small values of «. Both constants have the dimension of a length and are
of the same order as the instrumental length I. A circular source of diameter d
is placed on the axis at z = 0 and an exit aperture is placed at z = I. The exit
angle is limited by an annular diaphragm to ay + dx < « < &y -+ 6a. The trans-
mission is equal to 47 o d/4 7w = &ty r, and the maximum variation in 4 due
to the spherical aberration is equal to 4 C,/C,«, 6« (Fig. 10). This corresponds to
a linear relation between spherical aberration and transmission as represented

(12)

10
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by eq.(3a). The factors S, and D are given by S, = 4C,/C,, D = o,C,.
These expressions are only true for a lens with a magnification of 1. Otherwise
the expressions become more complex, but we will limit ourselves to the simpler
case of unit magnification. In this case D is almost independent on the field
shape and instrumental length and is approximately given by D = 3-5r,,.
The value of C,/C,, however, depends strongly on the field shape. For a homo-
geneous field eq. (11) yields C,/C, = }. Thin lenses, which require less ainpere
turns yield much higher values, for example 3. Suitably chosen concave
fields will yield values somewhat lower than } 4. The field shape necessary
to reduce C,/C; to zero, as calculated by G‘rLASER15 cannot be realized in
practice. It will be shown
that the influence of the
spherical aberration can
be reduced, however, by
a different design of the
instrument.

Magnefic mduction
8 on the aus

RS
LR
Deledetete!
'... OO

The theoretical perfor-
mance for a lens type spec-
trometer, characterized by
{ =100 cm, 7,,« = 10 cm
and C;/Cy = 15 is shown
in Fig. 15 and Fig. 16.

A great number of lens
type beta ray spectro- Lens col
meter has been described
in the literature. One of
the first successful instruments has been described by DeurscH, Errior and
Evans!®, A short lens is used. The value of C,/C, is about 3-5 if the
entire lens coil is used. The instrumental length [ =100 cm and the maximum
radius is about 6 cm. The transmission can be varied, according to the
required resolution. The following results are obtained:

Fig 10. Schematic design of a thin lens spectrometer.

a) source diameter (d) =0-5cm, T=08%, W=6%
b) source diameter (d) =0-4cm, T=0:13%, W=17%.

Quapk and HALLIDAYY describe a spectrometer with a lens consisting of four
separate coils, The coils are placed in such a way that the spherical aberration
is minimum, determined experimentally with an electron gun. In this wav a
value of 1-2 for C,/C, is obtained. The instrumental length is 95-5 cm, the
maximum radius 10 cm. The authors describe only an adjustment for high
resolution using a source of 0-3 cm radius, yielding a transmission of 0-12%
by a line width of 0-78%.

K. S1EGBAENM has described a lens spectrometer with a magnetic field
shaped to reduce the spherical aberration to a high degree (Fig.11). The
instrumental length is about 50 cm, the maximum radius 6 cm. A value of
1-4 for S, [eq. (3a)] corresponding to Cp/C; = 0-35 follows from the published

1



THE ELECTRON OPTICAL PROPERTIES OF MAGNETIC BETA RAY SPECTROMETERS

data on line width and transmission. By a line width of 6:8% & transmission
of 3-5% can be obtained,

From these examples it is clear that although the design of lens spectro-
meters offers the possibility of a high transmission as compared with the semi-
circular spectrometer, this increase of the luminosity is accompanied by a

similar increase of the line

8 width. The dispersion of
w both types of instruments

is of the same order,
depending, of course, on
the dimensions. It will be

Magnelc induction on the axis

2

R T T 22 7, shown th“t_ the inﬂ“‘”}“’
7 of the spherical aberration
Source in a lens spectrometer can
7 S % be reduced, resulting in
4 \ & ——— | Counter . 1 g d

> N ——— an instrument well suite
/ for good resolution at
high luminosity. In this

g Yy

B RIS ) case, however, the source
Lenscol \ Jron yoke \ dimension has to be re-
Fig. 11. Lens type spectrometer of SIEGBAHN, using a fleld shape ducedmmu}taneoudy ’a:nd
ylelding low spherical aberration. the source area being

proportional to the square
of the source diameter, the effective area will be small. Prismatic spectro-
meters are more favourable in this respect as the source area is propor-
tional to the source width and the source height has only little influence on
the resolution.

Lens type spectrometers with annular focusing

It will be clear from Fig.12 that an annular slit placed at z = I—d can be
made much narrower than a circular aperture placed at z = I.

e This can be quantitatively
) treated using the aberration
expression (12). The focusing

s pot— t Y properties in the plane z =

2+0 z i-d l .
2 z (I—d) are also described by
Fig. 12. Coordinates of the annular focus. A = s/og C1 + a2 02/01 . The

values of C; and C, do not
differ materially from those calculated for z = I, provided the value of d is
not too large. The value of the momentum, corresponding to 4 = 0 will of
course have changed. A so-called ring focus will be present if 04/0x =0
yielding o} = ;/2C,. If this trajectory passes through the centre of the counter
window we have d = 8//a;=2C,af. The index f denotes the coordinates of
the ring focus. A series expansion of the aberration expression yields

30, (8—¢)
A—A, = (a— “/)"o—:“‘”?;c;’“ . (13)

12
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This expression shows that the dispersion has remained unchanged but that,
for not too high values of the transmission, the influence of the spherical
aberration has been greatly reduced. The performance can be described by
eq.(3b): W =8, T2 + d/D,® with 8, =3 CyfajC, and D = q, C,.

A high value of «, is very favourable, but for too high values the treatment
given here is no longer valid. In the case of a homogeneous field one finds
an optimum value of 45°20, 21, If )
however, economic considerations ﬁl/’y‘y"m‘t' Goyer cointer
are taken into account, the opti- ﬁh dh

mum value of «, becomes about rl
990 m, |} 22520 ]

Sometimes the diameter of the
counter window will determine the
optimum value of «,. From eq. (12)
it follows that the required dia-
meter of the counter window is
equal to 6C, o T.

A high value of «, will thus
reduce the maximum transmission
obtainable. If we consider a spec-
trometer with /= 100cm, C, =
130 cm, Cy=195cm (C,/Cy=1-5)
and «; = 0-27 radian corresponding
to 7pax= 10 cm, we find that a
counter window of 3-6 cm diameter
will limit the transmission to1-14%.

The theoretical performance of
this instrument is shown in Fig. 14
and Fig. 15.

The use of a ring focus has,
apart from the increased resolution,
the a.dva.ntage that the line area is Fig. 13. The Amsterdam lens type spectrometer, using
. . . annular focusing.
independent of a small eccentricity
in the focal plane, so that an imperfect compensation of stray magnetic fields
will not disturb the shape of the low energy part of a beta ray spectrum. Lens
spectrometers with a central aperture are extremely sensitive in this respect.

An extensive discussion of the properties of a homogeneous field spectro-
meter (solenoid spectrometer) with annular focusing has been given by Du-
MOND * and by PErsico2. A detailed analysis is possible in this case as the
ray path can be calculated exactly. Their results are also shown in Fig.15
and Fig. 16.

The solenoid spectrometer described by WiTcHER22 in 1940 uses a ring
focus. A line width of 5% by a source diameter of 2 cm and a transmission
of 1% is obtained.

By using the calculations of PERrsico the performance of this spectrometer
has recently been improved 2.

Lens co/

13
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ScEMIDT et al.?® describe a solenoid spectrometer designed in accordance
with the results of DumMoND and PERs100. The maximum transmission is 5%.
At a transmission of 3% a line width of 0-95% was found.

The source area is, however, extremely small as the required source dia-
meter is given as r,,,/170.

A spectrometer using & magnetic field shaped for low spherical aberration
has been built by ZunTi2%. A line width of 1:3% by a source diameter of
0-3 cm and a transmission of 2:7% is obtained.

HORNYAK et al.3 have made a spectrometer with a lens of medium thickness
and free of iron. The transmission is estimated as 0-5%, the line width is 1-5%.

The author!3 has built a

spectrometer (Fig.13) with a
g V thin lens, C,/C,; being about 2.
The instrumental length is

Magnelic mnduction on the ans 100 cm. By & transmission of
—_— 1% and a source diameter of
0-3 cm a line width of 1-3% is

obtained. The diameter of the

HHH P HIH counter window (3-6 cm) has
HEH HTHH HHH limited the transmission to this
Counter Source value.
BNy
SNGRN , The intermediate
image spectrometer
SieeBAHN and SLATIS?® have
FEREETEEEH BECRH R (e recently described a very in-
Sl teresting type of lens spectro-
Lens corl Iron yoke \ meter (Fig.14). The magnetic

fiel d the trajoctories are
Fig. 14. Design of the intermediatec mmage spectrometer of eld an . h(? b aje to
BLATIS and SIEGBAHN. symmetric with respect to the

planc z = /2. The electrons,
passing through the slit in this plane, are again focused on the axis at z = [.
BorHE?® has independently given an extensive treatment of the properties of
such an instrument using two thin lenses.

It can be shown that the field shape has to obey certain conditions in
order to yield a symmetric ring focus. A homogeneous field, for example,
will not give rise to trajectories as shown in Fig.13.

Two symmetrically placed thin lenses at a distance of more than //4 from
the symmetry plane on the other hand, fulfil the conditions for an intermediate
image spectrometer, if only third order aberration is taken into account.
The field shape used by SiEGBAHN and SLATIS is, however, more favourable
as a lower spherical aberration is obtained.

The behaviour at the intermediate image is described by an aberration
expression of the same kind as (13):

A—AI=A1 (d—a/)z'*"A’(G—B/). (14)
14
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For the second focus we obtain a more complicated expression of the following
ind:
kin 8= —Ag(A—A) + Ay (a— o) (A—4)) — Ay o — a .

The influence of the spherical aberration on the size of the image becomes
negligible, but the dispersion is very small. For this reason no important
contribution to the resolution from the aperture in this second focal plane is
to be expected.

The second focus has, however, the advantage that a small counter can
be used and that scattered electrons will not be able to pass both the annular
slit at z = /2 and the aperture in the second focal plane z = I. This kind of
instrument is well suited for extreme high transmission. The designis more com-
plicated than that of most other kinds of spectrometers.

The spectrometer described by StEGBAHN and SLATIS gives a transmission
of 8% by a line width of 4% and a source diameter of 0-5 cm.

The performance of this type of spectrometer, estimated from (14) and the
data of SIEGBAHN and SLATIS, has also been represented in Fig.15 and Fig. 16.

The general shape of the aberration expression for the second focus has
been obtained from the fact that two types of solutions of the boundary
problem r(0) = r(!) = 0 exist in the neighbourhood of the principal solution,
characterized by 4 = 4,, « = «, viz. a symmetric trajectory and an unsym-
metric trajectory. The existence of this last solution is the characteristic
feature of the intermediate image spectrometer.

A high value of the exit angle is very favourable and can be used because
of the existence of the second focus. The third order perturbation method,
which can be used to calculate the coefficients, occurring in the aberration
expression, is therefore of little value for these instruments.

RicuARDSON has attacked the electron-optical problem by chosing a field
shape, described in the entire r, z-space by an analytic function, and solving
numerically the exact ray path eq.(A 4). As the magnetic field has to obey
the field equations, the choice of a mathematically simple and physically
suitable field shape is rather restricted. RICHARDSON uses a field character-
ized by lines of force describing confocal elipsoids, while the source and the
counter are placed on the axis between the foci of these elipsoids. A general
insight in the focusing properties is obtained from an optical analogon by
observing that the magnetic field can be replaced by a medium with a refractive
index proportional to (1—(d4/Bg)?)!. This field proves useful for an inter-
mediate image spectrometer with exit angles of almost 90°.

Two pole pieces 16 cm apart and with an experimentally determined
profile furnish the required magnetic field shape.

Using a source of 1 mm diameter and a transmission of 2-5%, a line width
of 1-35% has been obtained.

COMPARISON OF THE DIFFERENT TYPES
Each of the two kinds of spectrometers described in the preceding pages,
the prismatic and the lens type, can be subdivided in two groups depending
on the relation between transmission 7' and line width W, according to the

15
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eq.(3a) and (3b). These equations, together with the values of §; or S,
directly yield the transmission as a function of the line width. In order to
calculate the effective area F, defined as the product of the source area and
the transmission, it is necessary, however, to distinguish between the prismatic
and the lens type. In the first case F' is given by

F=hxdXT (15a)

h being the length of the source (the axial dimension) while d is the width of
the source (the radial dimension). The influence of % on the resolving power
is neglected in eq.(3a) and (3b).

In the case of lens type spectrometers F' is given by

F=3ndT (15b)

d being the diameter of the source.

In Table 1 we have given for the different combinations of eq.(3) and (15)
the value of d required to yield a maximum effective area by a constant line

width. The table also gives the effective area and the transmission as a function
of the lens width.

Table 1
Clae Focusing properties Effective area | Ot g4 | Transmission T Effective area F
w e, | (pownt source)

1|W=8,T+d/D |(3a)| hdT |(15a)] D8,T W/8, 0-25 kD W¥8,
II | W=28,T*+d/D|(3b)| hdT |(15a)| 2DS,T| W/S} 0-38 hD WY/8*
II | W=8,T+d/D |(3a)| {nd*T |(16b)| 2D8,T | W/S, 012 D* W8,
IV | W=8,T*+d/D|(3b)| iad*T |(15b)| 4D S, T*| W/S} 0-22 D3 Wi/8}

In Table 2 we have given the values of the constants for the different kinds
of prismatic spectrometers described. As dimensions are chosen: mean radius
of curvature (r,) = 20 cm, length of the source and exit slit (k) = 1-2 em,
polegap = 5 em, limiting § in the case of the double focusing spectrometers.
For the types with high order elimination of the radial spherical aberration
we have assumed that this elimination is complete for « < 0-3 radian.

Table 2
. Class D

No Type Field thape (Table 1) S o T F
1| Somi circular . . B=B, I |54x100d0| ¢3x10°Wh | 008 W
2 | Shaped field. . . eq. (7) I 300 |40| 58 x10-2Wh 1-08 Wt
3 | Double focusing . B=Byx

x(—fe+ie)| I 067 |80 15 W 36 12
4 | Double focusing . eq. (10) I 36 [so] o17wt 614 W'

Table 3 gives the quantitative results for lens typo spectrometers with the
following properties: lens constants C; = 130 cm and Cy = 195 cm, correspond-
ing to Cy/C; = 1-5. Exit angle 0-27 radian corresponding to 7,),, = 10 cm;
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diameter of the counter window 3-6 cm. The table also gives the result for a
solenoid spectrometer with 45° exit angle and 7,,,, = 10 em as calculated by
Dumonp 2. In this case too a counter window of 3-6 cm has been assumed.

Table 3
Cl D
No Type (Tabal:‘l) s om T c:::
5 | Medium lens, central focus . . . . . . . . III 6|35 0-17W 24 W3
6 | Medium lens, annular focus. . . . . . . . IV (62(35| 013wt | 3swWi
7 | Solonoid, annular focus; calculated by
DUMOND . « v v v v v v vou e w 045wt | 170w}

The results of Table 2 and Table 3 are graphically represented in Fig.15
and Fig.16. The values for the intermediate image spectrometer (No.9)

707"
5 -

e
=
S
10°4 §
48
48
10‘_ 8
is
15“-:‘%
BN
201 e T ——T 15°.
T L T 1 La T T T T
001% 01% % 295 % 007% 01% ™IS gy
Line width W —e Line widfh We——e

¥1g. 15. Transmission versus line width for the different
spectrometers described. The numbers refer to
Tables 2 and 3.

¥ig 18 Effective area versus line width for the
different spectrometers described. The numbers
refer to Tables 2 and 3.

are estimated from (14) and the data of S1eaBAHN and SLATIS. The thin parts
of the lines represent the regions were the transmission has its maximum value
and the source dimension is larger than the optimum value given in Table 1.

It should be noted that these graphs are calculated from the simple formu.
lae given in the text so that the exact values will in general deviate somewhat
from the values given here.

APPENDIX
TiE MOTION OF AN ELECTRON IN A ROTATIONALLY SYMMETRIC MAGNETIC FIELD
1. Analytical description of the magnetic field

The magnetic field can be described by the vector potential A obeying the
equation curl curl A = 0. Due to the axial symmetry both 4, and A, vanish;
the remaining component 4 will be denoted by 4. In the case of a prismatic
spectrometer the electrons move near the circle » = r,, 2 = 0 and 4 is sym-
metric with respect to the median plane z = 0. A series expansion of 4 in this

2 Progress in Nuclear Physics, Vol. 2
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region can then be dorived from the value of B,(r, 0), which can in turn be
expanded in a series. Introducing g = (r— r,)/r, and { =zJr, we have B(p,0)==
By(1+kg+1lo2+ ---). The series expansion of A has the shape

k—1
4@, =Byrfe+ 5 e+ P gt e
. (A1)
_._2_4-2_1952__. )
In the median plane 74 has the simpler shape
k+1 l+k
ra=Byifo+ 5= o+ e+ M e ). (A

In the case of a lens type spectrometer the electrons move near the axis. A
series expansion of 4 can in this region be derived from the value of B, on
the axis yielding®
x B(z)2™ r2n+1 r dz B(z) P
A=Z(—1”7ﬁ(17+' oy X g =B@g— gt (A3)

II. The equation of motion
The equation of motion can bo rerived from the Lagrangian

L=jmv?*+e(v-A)=3mr+imr2g2-+imzi2terpd.

After some reduction the Lagrangian equations get the shape

rg=uvD
" oD
P=—ntD5n (Ad)
oD
Y B4

with D = CJr—eA[p. C is the ratio of the total angular momentum and the
linear momentum p. e is the electronic charge. In the case of lens type spectro-
meters the value of C may in general be put equal to zero; in the case of
prismatic spectrometers the value of C depends on the initial conditions and
can be calculated by means of the first equation from (A4).

By choosing ¢ as independont variable (A4) is transformed to®

—'DT"-—Ta a + ;2(81) _D)+r’zl %13

oD D aD (A5)

2 9
or r)+z 0z

If the electrons move in the median plane z = 0, the first equation of (A4)
together with the geometrical equation (r¢)?+ 72=1? yields?
d D

PRNCYE =
m=n(p=1) o P= i Th (46)

" aD w4
—Dz 22 +rz(
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If on the other hand z is chosen as independent variable one obtains!®, 2

D+t
(1—D¥}y an
=TTy

III. Method of solution
The first two terms of a series expansion of (A5) in powers of o and ¢ yield
the following equations for electrons with a momentum equal to —e Byry(14-A4)
and starting at ¢ =0, 0=0, { ={, under exit angles % and g

’" . 2__(1_+i’f‘t2l)9’ 2 ___(j“_’_'*'ﬂ’_ktg
"—ki=2(+kel+ ot +k4s.

These equations can be solved by customary perturbation methods yielding
the aberration and dispersion.

The derivation and solution of these equations have been described by
SVARTHOLM ®.

BEe1puk and KoNoPINSKI have uscd eq. (A 6) with the series expansion (A2)
in order to determine the required field shape for high order elimination of the
radial aberration in a 180 prismatic spoctrometer.

The author® has calculated this field shape for any value of the coefficient k
from eq.(5) by substituting a FOURIER series as solution.

A series expansion of (A7) in powers of r yields as first two terms for elec-
trons with a momentum e(Bpg)

w, Br B*  BB” 20 BB, B

) I (16(39)‘ 8(39)2)'H " imop T 4B 49)
’ B — of B3 B o B *

9 tymg =" (S(B'é)""' IGIBET)—' 4(Bo) "

The solution of the first of these two equations yielding spherical aberration
and dispersion has been discussed by the author?s,
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NUCLEAR PARAMAGNETIC RESONANCE
R.V. Pound

INTRODUCTION

Nuclei composed of odd numbers of either protons, neutrons, or both, possess
non-vanishing angular momenta and associated magnetic moments. About
two-thirds of the stable nuclear species fall into these classes. Studies of
hyperfine structures of atomic spectra have provided a large amount of data
on these moments. The elegant techniques developed by Rasr and his col-
laborators, using atomic and molecular beams, have greatly increased the
amount and the precision of such data. More recently, data on a large fraction
of the nuclei have been forthcoming from the, in some ways, even more precise
methods of nuclear paramagnetic resonance! and nuclear induction 2, originated
almost simultaneously by PurcoELL, TorrREY, and Pounp and by Broch,
HANSEN, and PACKARD, respectively, in late 1945. In addition to the length-
ening of the lists of accurately known values of nuclear magnetic moments,
experimental studies of these resonances have shown the power of the method
for the observation of certain propertics of the matter in which the nuclei are
immersed. As well as being interesting in themselves, many effects dependent
on these properties have strong influences on the nature of nuclear resonance
signals and on the amount of information about nuclear properties they can
provide.

In the absence of electronic paramagnetism, ordinary matter, whether
solid, liquid, or gaseous, should show a slight paramagnetism as a result of
the magnetic dipole moments of its constituent nuclei. Such matter, if mag-
netized isothermally, should have a magnetic susceptibility very accurately
in accord with Curie’s law with y, given by

3

ro=NE LD (1)
for a material containing only one species of magnetic nuclei. Here N is the
number of such nuclei per unit volume, x is the maximum component of
magnetic moment of a nucleus along a given direction, /, the maximum com-
ponent of angular momentum along that direction (measured in units of 4/27x),
k, BoLTZMANN’s constant, and 7' the absolute temperature. Because the mag-
nitudes of nuclear magnetic-dipole moments are only about 10 3 times
that of an electron, the resulting paramagnetic susceptibilities would be only
about 10-¢ times as large as those of electronic origin, at the same temperatures.
However, by utilizing the resonance method, the presence of such small
induced magnetic polarization is rendered easily detectable in a manner which
allows very accurate determination of the nuclear gyromagnetic ratio u/I.
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Two alternative, rather different, descriptions of the phenomenon of
nuclear resonance have become customary. Under similar conditions both
descriptions give the same results, but it is simpler to visualize some
effects using one model and others with the other. Acquaintance with both
is thus worthwhile but the present article will base the discussions on the
quasi-optical description in terms of quantum mechanical energy levels and
the transitions induced between them by applied radio-frequency fields. The
model of BLocu?, based on the classical dynamics of the net magnetic moment
vector under the influence of applied fields, will only be used to assist in the
explanation of some transient effects.

Basic THEORY

The 211 fold degeneracy of an isolated nucleus of spin / is removed by the
interaction of the magnetic moment of the nucleus with a magnetic field H,,
taken as directed along the z-direction. Thus, the energy levels are given by

W= —muH,]I,

where m, the component of I along the z-.direction, ranges from I to —1I.
In a liquid or solid there are of the order of 102 such nuclei per unit volume
with a certain amount of mutual interaction. Rigorously, one should use a much
more complex description of the entire interacting system but the essential
features of the system are revealed by considering each nucleus to occupy
one of its 211 levels, independently. At the instant of application of the
field, on the average, equal numbers of nuclei must be found in each state
because there has been ro net polarization of the system in the absence of the
applied field. The isothermal nuclear paramagnetism of eq. (1) results if the
populations of the energy levels become altered by an achievement of thermal
equilibriuin between the spin system and the lattice. Mechanisms for such
spin-lattice coupling will be discussed later but, if such an equilibrium is
achieved, the ratios of adjacent upper to lower energy level populations
become, in accord with a BorrzmMaNN distribution, exp (—u H,/I kT). At
room temperatures and with fields as high as 20,000 gauss this factor differs
from unity by only aboutl one part in 105. The presence of nuclear moments
in matter is only detectable if this small difference in populations exists.

In experiments on nuclear paramagnetic resonance, an oscillatory r-f
magnetic field is applied at right angles to the z-direction. Such a field can
be considered as composed of two oppositely rotating fields, and the component
rotating in a sense determined by the sign of the nuclear magnetic moment
(the sense of precession of a classical top with a collinear magnetic moment and
angular momentum) will induce transitions where m, the magnetic quantum
numbers, change by plus and minus one with equal probabilities. From stand-
ard radiation theory, the magnetic dipole transition probability is given by,

W ome = (8733 1%) | (m | M| m) |2 , 2

where M is the magnetic moment operator, and p, is the energy density per
unit frequency range in an isotropic, unpolarized radiation field. Under the
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conditions of interest at present the applied radiation is at a single frequency
and the levels (as will be shown later) have relatively greater width. This
situation may be described by g(v), a shape function for the observed resonant
absorption line, so normalized that

fg (»)dv=1. 3)

The effective relationship between the actual applied r-f field and the iso-
tropie, unpolarized radiation field of eq.(2) can be expressed as

o,=3H{g(v)/4n

where H, is the amplitude of the circularly polarized component of the appro-
priate sense, equal to one-half the amplitude of the oscillatory field. From
these relationships one obtains the required transition probability,

W n—1y= 1 y*H g (v) (I+m) (T —m +1) (4)

where y is used for 27z /I h and the well known matrix elements of the
magnetic dipole have been introduced. The transition probability Wom~1)-om
is identical and it is only the tendency of the spin system to assume, through
a spin-lattice interaction, a thermal distribution that a net absorption of
energy from the r-f field results. In cquilibrium at temperature 7', since at
ordinary values of 7' and H, the energy differences are so small compared
to kT, the difference betwcen the population of level m and the next higher
level, m—1, is to a good approximation

Ny—N,_=Nhy@I +1)kT.

Each upward transition of this surplus results in an absorption of cnergy
hy = hy H,[27, with the upward and downward transitions of the remaining
bulk of the spins giving no net effect. The power absorbed in the sample per

unit volume is
B =y*H{N(hv)2I(I4+1)g(»)/6kT, (6)

where the transitions have been summed over m=1 to m=—I +1.

The presence of this absorption causes a reduction in the Q-factor of a
circuit supplying the oscillatory magnetic field. A resonance is detectable
by observation of the decrease in @, or in shunt resistance of a shunt resonant
circuit, accompanying the adjustment of its resonant frequency, or of the
static field H,, to the correct value. Because the Q-factor is the ratio of
energy stored to energy dissipated per radian, contributing elements of dis-
sipation may be treated separately as inverse @’s. These give additively a net
inverse of the @ of the circuit. In this sense then, the inverse Q for the nuclear

bsorption i
AOROTREOR 18 Q= PhHR =2 BN I(I +1)rg(r)/6kT. ©)

The inverse @ can be shown to be 4z ", where 3" is an imaginary component
of a complex magnetic susceptibility. Thus ¥’ may be written

" N 2 I
—_ _’2‘ __V%TIFLJ rg(») = ; Xovg(») (7
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with % equal to 2/2x and y, given by eq.(1). As in all resonant absorption,
a dispersion must accompany the effect, with the appropriate accompanying
frequency dependence in the real part of the magnetic susceptibility ’. This
dispersion can be shown to give rise to an equally detectable effect, observable
as a detuning of the resonant circuit.

In computing the absorption coefficient, it has been assumed that the
thermal distribution and the corresponding lower level surpluses exist in
the steady state in the presence of the »-f signal field. This can only be
so if the spin-lattice coupling mechanism is capable of removing excess energy
from the spin system to the lattice at an appropriate rate. It is conventional
to describe the heat contact between the spin system and its surroundings
in terms of a spin-lattice relaxation time T,. If there are only two levels, as
for I of 4, it is found that the approach to equilibrium can be described by an
exponential law. In differential form, if » is the surplus in the lower level
at time ¢, and n, is the equilibrium surplus at temperature T

G = (77) o= -

Application of the r-f signal competes to give

dn 1
o= (-Tl-) (ng—mn) —2nW,_, _;.

In the steady state, dn/dt is zero, and
nfng=[1+ §y2H{ Ty g ()] 2. (8)

In the event the second term is not negligible, the susceptibility drops from
its value for infinitesimal H, and, therefore, the effect saturates. Under certain
conditions the same factor can describe the behaviour of the absorption
coefficient of systems of nuclei of higher spin. It is convenient to define
a second time, T, = } g (»)n.x making the saturation factor [1 4 y2 H} T} T,] !
at maximum absorption. The T, is a measure of the inverse of the line breadth
in the absence of broadening resulting from inhomogeneity of H,. Its exact
relationship to the width between half-maximum absorption points depends
on the actual line shape. A quantity T} is sometimes used to identify the
experimentally observed quantity; this may be smaller because of inhomo-
geneity of H, than the similar quantity, 7,, characteristic of the sample
itself.

In the model of BrocH3, the same effects are described by analysis of the
dynamics of the net magnetic and angular momenta when subjected to the
static and r.f magnetic fields. In thermal equilibrium, these collinear
vectors lie along the static field in the z-direction. The details of the dynamics
depend strongly on the rates of change of variables involved, but in general
the influence of the applied r—f field is to pull the magnetic moment vector
out of parallelism with the z-direction. If left free in such a condition, it will
precess about the z-direction with the frequency » =y H,/2x. It is clear,
according to this picture, that all effects are equally observable as an oscillatory
magnetic moment along any direction in the z, y plane. If the reaction on the
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coil providing H, itself is observed, the effect may be a reactance or a resistance,
depending on the phase of the precessing magnetic moment relative to H,.
Brocnu and his collaborators in the nuclear induction technique? take advant-
age of the reality of the rotating magnetic moment by coupling to it with
a coil with its axis at right angles to both the strong field and to the axis of
the coil providing H,. This arrangement provides useful decoupling from the
driving signal. In this picture the time 7 refers to a rate of recovery of the
z-component to its equilibrium value and the time 7T}, to that of the z and y
components to their equilibrium null values. This model is especially useful
for the interpretation of “transient” effects.

The motion of the net magnetic moment is easily understood if a system
of coordinates rotating in the sense of the precession is introduced. The
precession frequency relative to a system rotating about the z axis is reduced
to (yH,/27) — (w/27) where w is the angular velocity of the rotating system.
Thus, relative to such coordinates, the effective field strength in the z-direction
is (H,—w/y). If the rotating system is chosen to have the frequency of H,,
the resulting motion of the net magnetic moment will be simply a precession
about the fixed field which is the resultant of H, and the effective field along 2.
Such precession is altered by the effects characterized by the time constants T
and T, or T3. As an example, if w is exactly y H,, and the system is initially
in equilibrium with no r-f field applied, at the instant of switching on H,,
the magnetic moment must begin to precess in the plane of z, y’, if 2’ is taken
along H,. If H, is sufficiently strong, several cycles of this precession can
occur, but after a time of the order of 73" the effect is damped out. Thus, a fixed
pick-up coil would receive as a transient effect an induced voltage at the
frequency w/27, amplitude modulated at the frequency v H,/2x. This effect
has been utilized by ToRREY¢ as a means of measuring 7, and 7T,. Another
pulse technique, most easily understood through the rotating coordinate
model, has been devised by Haun5.

DETECTION TECHNIQUES

The theoretical ease of detection of nuclear paramagnetic resonance varies
widely with factors characteristic of the sample—the values of y, I, N,, T
and T,. The first successful experiments! observed direct static unbalance
of a bridge of which one arm contained the absorption cell, when the value
of H, was set to a critical value. Greatly improved sensitivity was achieved
by the use of a modulation technique whereby effects directly coherent with
the modulation of the field are emphasized.

It is possible to estimate the detectability of a signal of this sort, relative to
inherent noise. Modulation of the field (or of frequency) results in a time dep-
endent absorption which, in turn, modulates the power available from the coil
containing the sample, whether it be the driving coil itself or a crossed coil.
Evidence of the absorption is carried by the resulting modulation side bands
and, for detection, these must possess power at least of the order of magnitude
of the power of thermal agitation noise available in an appropriate bandwidth
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in the same source. At infinitesimal levels of H,, (y* H? T, T, < 1), the avail-
able signal power is proportional to the driving power, but as the level of the
latter is increased, the saturation effect sets in. For observation of absorption,
the available signal is maximized for y* Hi T) Ty~ 1 and for dispersion it
approaches an identical maximum level asymptotically as the driving level
is increased. In both cases the resulting ratio of signal power to that of noise
is given by the formula

Py VeQ(AMN T [II+1)] 9
y 2304 (R T)5 (BF) T, . )

In this formula, ¥, is the volume of the coil, Q, its @ factor, 4 a modulation
coefficient of order of 0-5, { is a filling factor measuring the fraction of the
magnetic energy of the coil stored in the volume of the sample, », is the fre-
quency of resonance, B is the equivalent noise bandwidth, F the noise figure
of the amplifying apparatus and 2304 is 28 X 32. The other quantities are
already defined. The noise figure measures the ratio of the output noise
power of the instrument to that which would ideally be present if only ampli-
fied noise originating in the resistance of the coil were present, and has an
ideal minimum of unity. The frequency », is limited by the magnetic field
available. Using an empirical relation relating the @ of a coil to its volume and
frequency @, = 0-037#}V}, one can write the amplitude ratio of signal
to noise as

A4,/A,~1-62 X 10"V} L AR Ny HI T x 10)
x II+1) (kT Y (BF) i1,

The care necessary to obtain adequate sensitivity varies considerably with
the nature of the sample, as can be verified by putting typical values into
€q.(10). For I =1} and M = one nuclear magneton, about 10!8 nuclei are
required to give 4,/4, = 1, with ¥, = 1 ¢m3, H, = 15,000 gauss and B =1
cycle per sec at room temperature, under the optimum condition, TF=T,.

Considerable attention must be paid to the magnet, the source of H,.
Because many line breadths are naturally small, the field homogeneity must
be small if only to avoid diminishing 73*. Magnets with gaps having diameters
about four or more times their lengths are usually used. Rim shims or slight
conical depressions in the pole pieces are used to decrease radial dependence
of the field strength. The sample dimensions are usually less than 15 of the
pole diameters. High field stability is required, especially if narrowband-
widths and thus long observation times are necessary, and battery supplies
are often used for the magnet current. Alternatively, electronic current regula-
tion and sometimes automatic field regulation derived from a nuclear resonance
signal itself, is used®. Permanent magnets have been used with considerable
success. Unfortunately, they are found to have drifts, apparently with tempe-
rature, amounting to parts in 104 under typical conditions.

Apparatus of four principal types is being used in present studies of the
resonance effect itself, each having some relative merits. The first of these,
used extensively at Harvard’8® for relaxation time studies, is outlined in
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Fig.1. The sample is contained in the coil in the strong field and this coil is
resonated with capacity at a given frequency. This circuit and an identical
“dummy”’ one form two sides of a bridge in which a balance, to nearly null,
of transmission of signal generator output to the amplifier input is achieved
by a phase inversion provided by an extra half-wavelength of coaxial line in
one side. Loading of the circuits by the generator is avoided by weak capacitive
coupling to the terminating resistance at the ends of the input lines
from the generator. The output coupling is chosen to provide the amplifier
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T 1 A block diagram of a “bridge” circuit The output point D is ncarly a voltage node because of the

cxtra half-wavelength of line 4B, in one side. Detection 18 either by the oscillograph or by the narrow-band

system on the meter. A circuit used for nowse-figure measurements, with a temperaturc-hmited diode, is
shown at the input to the r-f amphfier.

with a source resistance resulting in minimum noise figure. A circuit for
measurement of this noise figure with the help of a temperature limited diode
is shown in the diagram at the input to the amplifier. The main part of the
amplifier is & superheterodyne communications receiver. The preamplifier is
used to improve the noise figure. For intense lines, the field is swept by an
amount several times the line breadth and the output of the receiver is
connected to vertical deflection circuits of a cathode ray oscillograph, horizon-
tally swept at the modulation frequency. The line is thereby displayed directly
and moves across the screen as the field strength is slowly varied. For weaker
lines, and for more quantitative observation of properties of lines, a field
modulation less than the line breadth is used and the receiver output is fed to
a highly selective amplifier passing only the modulation frequency. This in
turn feeds a mixer or phase sensitive detector!?, mixing with the modulation
frequency, and thus producing a d-¢ current recorded by a meter. In this
scheme the 7-f noise bandwidth is just twice (for two sidebands) the equivalent
noise bandwidth of the meter, or of the RC circuit feeding it, and often is as
small as 0-01 cps. A derivative of the line shape with respect to field is observed.
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In principle, there is no necessity for the decoupling of the receiver from
the generator, provided by the bridge. Direct detection of the voltage across
the single tuned circuit, supplied from a high impedance source, is all that
should be required. In practice, it is difficult to produce a detector of suf-
ficiently low inherent noise to allow detection at the level of the noise inherent
in the input circuit itself. Amplification before detection, without balancing
out the driving signal, is difficult because the voltage soon overloads the ampli-
fier. In addition, the noise introduced as modulation on the driving signal
itself usually would contribute very dominant excess noise if it were not
balanced out before amplification.

The bridge is never run fully balanced, an unbalance signal always feeding
into the amplifier as a carrier. The modulation of this, resulting from a res-
onance signal, is fractionally very small and, thus, the detector of the receiver
actually behaves as a mixer, converting the side bands linearly to audio
frequency. The resonance signal can be derived from either the absorption
or the dispersion or any mixture of the two depending on the phase of the
unbalance signal. If the bridge is unbalanced principally in phase, dispersion
is displayed; if unbalanced in amplitude, absorption is displayed.

Bridges of various other designs have been used to advantage. An awk-
ward feature of the bridge described is the use of a half-wavelength cable
for phase inversion on one side. An input transformer having a symmetrical
push-pull output and a wide band of useful frequencies would considerably
simplify operation with quickly variable frequency4. Twin 7' circuits have
certain virtues in this application!!, 12,

Saturation effects of the absorption are observed by changing the level
of the signal generator and altering the gain of the receiver to maintain a fixed
level at its detector. Thus the amplitude of the resonance signal is a measure
of the fractional absorption and is constant at levels of driving signal below
saturation. It then drops off as 92 H} T, T, becomes of the order of unity
and greater. Direct observation of the growth of the absorption is possible,
for sufficiently long T, if short observations of the resonance can be made at
intervals, with H, low enough not to disturb the spin system.

The scheme of detection originated by Broca and his collaborators!3
utilized separated driving and pick-up coils placed at right angles to one another
and to the field. In other respects the technique is like that above with the
crossed coils giving geometrically the effect of a bridge. It is usually necessary
to supplement the balance obtained by use of trimming devices, either compen-
sating electrical circuits or geometrical adjustments, and in this way a very
stable belance can be achieved. This facilitates the use of larger driving fields.
Balance in amplitude is usually used, leaving the system sensitive to the
dispersive component which does not decrease in excessive r-f fields. In search-
ing for unknown resonances, the lines can be broadened by large H, without
sacrificing amplitude. There is then no need to search in level of H, and in
modulation field amplitude as well as in H,, as is necessary in the absorption
method without previous clues. This arrangement also provides information
on the sign of y given by the sense of the dispersive signal, as the resonance
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is traversed from a given direction. This is most conveniently utilized by
comparison with a nucleus of known sign under the same conditions of balance
because otherwise it is necessary to know the phase of the unbalance of the
(3 bridge ’l.

The other two methods of detection use the circuit containing the sample
as the frequency determining circuit of an oscillator, in the one case running
in a steady state and in the other as a quenched or superregenerative oscillator.
Many variations are possible on both of these methods, almost any oscillating
circuit being applicable to a certain degree. For the most favourable cases
(for instance, the resonance of protons in paraffin oil) an oscillator of the simp-
lest sort is adequate. Again a field modulation is used and the level of oscilla-
tion dips as the resonance is traversed in the modulation cycle. The plate
circuit of the oscillator may be used directly as a detector of this dip, and
the signal there treated exactly as in the bridge circuit, feeding either to
an oscilloscope or, via selective amplifiers and phase sensitive detector, to
a meter. The effective amplification, but not necessarily the signal-to-noise
ratio, of such a device is a maximum at the threshold of oscillation, as with
a regenerative detector.

A special, flexible, circuit with control of its oscillation level has been
developed14.15,18, For constancy of characteristics and the achievement of
a minimum noise figure, separate detection is employed, isolated by a buffer
amplifier. The d-c detected level is used as a feedback with a long time constant
to maintain a predetermined oscillaiion level over a frequency range of
about 2:1, achieved through variation of the tuning capacity. Various coils
allow operation from 35 Mc/sec downwards. Its principal advantages are that
search in frequency at fixed field is easy and that it responds entirely to the
absorption component. Dispersion can be detected as frequency modulation,
of course. Thus, difficult calibrations of field are avoided and line shapes can
be recorded, using a recording milliammeter in conjunction with the phase-
sensitive detector. A clock motor drive of the tuning condenser provides
continuous slow scanning for search use. Investigation of the noise figure of
such a system has shown it to be as small as 2 at low frequencies and low levels
of oscillation and poorer at high levels and high frequencies. Thus, this
circuit is as sensitive as any other for detection of resonances of a certain range
of 2 T, T,. It is at a disadvantage if conditions are such that 2 T\ T, is
very small, and difficulty in achieving very low levels of oscillation also limits
its usefulness in conditions at the other extreme. A block diagram of this
system is given in Fig.2 and a circuit of the oscillator unit as developed by
Warkins!® in Fig.3. It is necessary, for stable operation with the narrow
band phase sensitive detector, to minimize the direct pick-up of field mod-
ulation by the r-f coil. A coil, supplied with current at the modulation fre-
quency, of adjustable phase and amplitude, is added to balance out such
pick-up and is shown in the block diagram. A calibrator circuit that pro-
vides an artificial signal through use of modulated electronic resistance,
used for intensity measurement is also shown. A circuit of this type, in
conjunction with oscilloscopic presentation, makes a very simple and precise
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device for magnetic field calibrations, using, for instance, a proton resonance.
It has been operated down to about 200 gauss with sample volumes less than
1 cm?d.

The super-regenerative system is similar except that the oscillator does
not run in a steady state but is turned on and off by a quench voltage. The
rise of oscillation on each cycle is influenced by the presence of a nuclear
resonance signal. The oscillatory magnetic moment in the coil, induced by
the last pulse, persists and greatly assists the start of oscillation on the next
quench cycle, provided that the time between is not long compared with 7;*.

Modulation umt
280cps

Variable phase
and amplitude

@

—— Recordin
Calibrator Oscilloscope Mllhammefsgp
---- Allernative |
Hn— Tuned 280cps 1Ly Phase muer
\ amplifier "~ time constant
JE Rk urd Meter 1-36sec
M 17 1 0-10v
| monitor
| Selddedecteiutein 9
ook oo 1 | Communications
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Fig. 2. A block diagram of the oscillating spectrograph. With aisplay on the cathode-ray oscilloscope and
manual tuning, such a sysiem is convenient for measuring magnetic ficlds to high precision through the proton
resonance in, for example, paraffin oil.

This technique has bcen widely applied by D. WirLrL1aMs and collaborators!”
to the measurement of g-factors. It has an advantage in that the applied
signal, H,, can be large, at the peak of oscillation, but that the detection is at
the threshold of oscillation where the noise figure is & minimum. It is there-
fore best suited, compared with the steady state oscillator, to conditions of
small 2 Ty T,. It suffers from having a complex response resulting from the
many component spectrum of the pulsed oscillator and is thus not well suited
to either precise frequency measurements or to line shape studies.

In addition to these methods, some novel pulse techniques, to be mentioned

later, have been developed, notably that of TorrEY* and the spin echoes
method of Hanw5,

SpeEcTRA IN LiQUIDS
The principal source of broadening measured by g(») or T, is the dipole-dipole
coupling. Crudely, the magnitudo of the actual field H, acting on a given
nucleus in a condensed phase of matter is increased or decreased according
to the contributions of the dipolar fields of neighbouring nuclei. On the average,
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Fig. 3. A circuit diagram of an oscillator umt recently developed for use as a spectrograph. A calibrator, useful

tor relative intensity and saturation ts, isshown. In use, thisis supplied with a signal at the modu-

lation frequency and produces a deflection of the recording meter. This oscillator can be operated from about

35 mcs downwards and has mimmum noise figure if the largest feedback resistor for which oscillation occurs
is used.

because of the very small degree of net polarization, the contribution is nearly
zero but it is distributed in a random way and can be expected therefore
to spread out the resonance from a discrete one to one covering a range of fields
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passes on but the x, y component of magnetic moment is sustained for a time
roughly equal to 73", which could be as long as T, in a perfectly homogeneous
field and, thus, could be several seconds in water. If there were no -f carrier
present in the receiving apparatus, the response would be a rise with a fairly
long tail on the after side which, with a sinusoidal sweep, is on the right for
one sweep through resonance and on the left for the next. The presence of
a carrier results in alternate constructive and destructive interference of the
picked up nuclear signal, which has the instantaneous precession frequency
determined by the net field, and the fixed carrier frequency. This interpretation
can be strengthened by observing that the period of the wiggles grows shorter
away from resonance. Further, an asymmetry, with emphasis of the wiggles
after the sweep in one sense, can be introduced by detuning the receiver in
the sense of the frequency emitted at that time in the cycle. A quantitative
study involving the solution of equations for the dynamics of the magnetic
moment vector under the appropriate conditions has been given by JAocoBsonN
and WaNGNEss!S. An important result for precision measurements is that the
full pattern must have perfect symmetry, either even or odd depending upon
whether the system responds to absorption or dispersion.

From the considerations explaining narrowed lines it was possible to
propose and confirm a mechanism accounting quantitatively for not only 7,
but also for the spin-lattice relaxation time 7T in liquid, gaseous and certain
kinds of solid samples. In a water molecule tumbling in accord with thermal
agitation it is evident that the local magnetic field is not only effectively
averaged but that it contains radio frequency components. The magnetic
field at one proton due to its neighbor is a randomly fluctuating quantity
and has r-f components in a continuous spectrum from zero frequency up to
well above the frequency characteristic of the tumbling motion itself, 1/z,
where 7, is the correlation time of the random motion. Subject to certain
usually justifiable assumptions about the nature of the random process, the
square of the local magnetic field can be shown to have a spectrum such that
the intensity of frequency components in frequency interval 4v at frequency »
is given by a relation of the form

H2(v) Av = 4[HE(t)] m’;;-;,;:-m. (11)
The constant |H2(t)| is independent of the correlation time and the frequency
and measures the time average of the square of the local field, and is of the
order of u2/r8. This r-f local field is capable of causing transitions of the nuclear
spin and, because the motion giving rise to the spectrum is thermal in origin,
such transitions can produce thermal equilibrium between the spin system
and the thermal motion. To avoid going into a detailed picture of the system
including all degrees of freedom, it is conventional to say that such transitions
are more probably downward than upward by the factor exp (h»/kT). The
calculated transition probability W from such a source is then related to
the relaxation time T by

T,=1/2W (12)
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where W is given by .

Wes Loz A (n) (13)
derived from (2) and neglecting the factor dependent on I and m and with »,
as the resonant frequency. In this way an expression results for the relaxation
time

1,1=El+4n’vztg 1

w Te o] (4

A more exact and more detailed picture differs quantitatively in that (a) all
neighbours need be taken into account; (b) various neighbours may have
differing correlation times; and (c) a more detailed calculation shows that
transitions in which both nuclei of an interacting pair may make transitions
together and thus a spectral density at 2y, plays a role. Nevertheless, consider-
ing only a single correlation time, a relation

1 Te 27

T 114 4n2272 + 1+16n23%3 2

(15)

results, where C, is dependent on the time averaged surroundings but not on
frequency or .

The line breadth in the frozen, rigid lattice would be, as mentioned, of
the order of magnitude of u/r® in gauss. A theoretically more tractable problem
than that of calculating the breadth between half-peak absorption points is
that of calculating a ‘“mean squared breadth’. This so-called second moment

may be defined as (4%2),, = of (¥—%,)* 9 () dv. VAN VLECK!® has calculated

this for a rigid lattice with the result
] 4
(2_;1,’_) = (A)p= 7 (%) LR .‘)-] D' (1—3cost0 yrr=s.  (16)
ji

The 0;; is the angle between ¥;;, a position vector representing the j-th nucleus
relative to the i-th, and the direction of the applied field. Except for the fac-
tor 9/4 this is the result one would calculate from the model based on the
dispersion of local fields. In addition to that mechanism there is a broadening
from a shortening of lifetime of a nucleus in a given state, m, from the fact
that a neighbouringpair can make transitions in opposite senses, conserving
energy, but their individual phases are interrupted. A simple estimate of line
breadth from this cause also gives u/r® gauss and vaN VLECK’s calculation
takes account of both processes. For non-identical nuclei only the dispersion
of local static fields can have an effect since paired transitions cannot occur
with conservation of energy.

In the non-rigid lattice the breadth is always less than in the rigid. Its
calculation depends again on the spectral density of the randomly fluctuating
local field but in the region of zero frequency instead of #,, and it can be shown
that for 7,>> T, ', the value of 7} is very nearly equal to T},’, defined by
eq.(16). For 7, < 1/w,, T}, is very nearly equal to T}. A graphical representa-
tion in Fig.5 illustrates the behaviour of both 7, and T, as functions of 7,
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according to this simplified model. The relative scales are fixed by a particular
choice of C, of eq.(15). Two sets of curves are given, one solid and one dashed,

for two operating frequen-
cies, v,. It will be noted
that the line breadth
starts to decrease from
that of the rigid lattice at
7,= T, /)2 independently
of »,. On the other hand,
T, is & minimum at 7,=
1/27)/2 v, This can be ex-
plained by realizing that,
whereas the integrated
spectral density of the
local field over all frequen-
cies is independent of 7,
the component at a given
v, may decrease or in-
crease with 7,, according
to whether the flat part
of the spectrum extends
above », or not.
Experimental confir-
mation of these relation-
ships is good. As an ex-
ample, the proton reson-
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curves and the lower the dashed. The scale of ordinates depends
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ance in glycerin, which shows an enormous range of viscosity with temperature,
and so of 7,, has been found to behave as in Fig.6. Exact agreement cannot

be expected because the
model of the surroundings
of a proton is too simpli-
fied. The theory predicts
a relaxation time for the
protons in water of 3-4 sec
and experiment shows
about 2 sec, an adequate
agreement. An experimen-
tally easily observable
change of T} is that of the
protons in paraffin wax
initially melted and ob-
served as it sets.

Aqueous solutions of
salts provide useful samp-
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Fig. 6. The relaxation time 7' and the line-width parameter T'; of the
protons in glycerin plotted against the ratio of viscosity to absolute
temperature.

les of a large class of nuclei. Relaxation times in these, in the absence of
nuclear electric quadrupole effects, might be considerably longer than that

3"
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of protons in water because of less close approach to the water protons and
because of generally smaller g-factors than that of the proton. Shortened
relaxation time can be achieved by the addition to the solution of para-
magnetic ions, such as Mn**, so intensifying the local field spectral intensity.
An estimate of 7', based on an analogous argument to the above leads to

(1/Ty) = 39% 1) Nrox plese/5k T (17)

where g is the nuclear u/I, n is the viscosity in poises, Nygy is the number of
paramagnetic ions per cm3, and .y is the effective magnetic moment of
the ions. In reaching this result, it is necessary to make assumptions about
the diffusion coefficient of the ions and the radius of nearest approach. Ex-
perimentally, in their effect on the proton resonance the proportionality of
1/T, to Nyoy is confirmed and values of .y calculated from the equation, using
measured values of 7, are reasonably close to directly measured values of u
for these ions. In concentrated solutions of other ions of which the nuclear
resonance is desired, complexes frequently seem to form reducing the effect-
iveness of the paramagnetic ions. Observation of the resonance of the nuclei
of the paramagnetic ions themselves would not seem to be easy because of the
broadening from the enormous fluctuating electronic field. A large electronic
contribution to the average field would also be present at the position of such
nuclei.

Nuclear resonance has been observed in a few gases at high pressures20,11,
For example, the proton resonance has been observed in gaseous hydrogen
at about ten atmospheres of pressure. The mechanisms determining 7
and 7T, are very similar to those in water except that the molecular reorienta-
tions occur in intermolecular collision. In addition to the spin-spin interaction
within a molecule, there is a comparable interaction between the nuclear
moments and the molecular magnetic field. Both of theso are averaged out,
leaving narrow lines, because at the high pressures necessary to achieve
a detectable density, the mean time between collisions is very short compared
to 7,. It is, in fact, very short compared to 1/, and, since it is further shortened
by an increase of pressure, 7}, and T increase with increasing pressure. Thus
the curious effect of ‘‘pressure-narrowing’’ results. At ten atmospheres and
300° K, the protons in H, have T) ~ 0-015 sec.

Noble gases, such as He3, have practically negligible relaxation from
direct collisions. ANDERSONI! has been able to catalyze the relaxation in
He? at 20 atmospheres by addition of an equal pressure of paramagnetic O,.

Sein EcHOES

A novel scheme developed by Haun5 allows observation of 7 almostindepen-
dent of field inhomogeneity. Pulsed r-f signals of high amplitude and short
duration are utilized. In one variation, a first pulse is applied for such a time
that the net magnetic moment precesses just 90°, to the z, y plane. The pre-
«cession frequencies, because of inhomogeneity, are different in different parts
of the sample so that, after the pulse, the oscillatory « and y components of
magnetic moment disappear in the time 7;*. In a coordinate system rotating
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with the precession frequency in the median field, some parts lag and others
lead the average, smearing the magnetic moment out over the z’, y ‘plane.
Application of a second pulse twice as long as the first at any time 7 after the
first has the effect of flipping over the whole magnetization in the z’, y’ plane
and parts which led now lag the median and vice-versa. These parts are still
in the same fields as before and they all therefore recoalesce on the median
at a time 7 after the second pulse, reproducing, for a time about 7, an
oscillatory moment picked up as an echo in a receiver connected to the coil.
By variation of 7, it is possible to observe the decay of the echo, and so of
the x, y component, from other causes than inhomogeneity, revealing the real
effect of 7,. Observation of modulation on the echo envelope led to the sug-
gestion of distinct frequencies for protons in different environments in complex
molecules.

MEASUREMENTS OF NUCLEAR g-FACTORS

The resonant frequencies of a very large number of stable nuclei have been
measured, mostly in liquids and aqueous solutions. Considering the question
of detectability, it will be seen that the available signal-to-noise ratio of
eq.(10) is a maximum for 7| = T}, realizing that 7, S T}, in general.
Non-viscous solutions and liquids can provide this condition, as shown above,
and thus lend themselves most readily to investigation of g-factors. It will
be seen that, in principle, the value of 7} and T,* are unimportant but in
practice several limitations occur. First, for large 7}, an impossibly homoge-
neous field is required to avo:d adding tv the breadth and so shortening 73F.
On the other hand, if 7 is very short, a very large value of H, is required to
obtain the optimum signal-to-noise ratio and then it is difficult to maintain
the receiver noise figure F' at a low value. Making T, and consequently 7,
unnecessarily short also reduces the available precision because of broadening.
In many liquid samples of I > } this already exists because of the electric
quadrupole effect to be described later.

By use of crossed receiving and transmitting coils, the workers at Stanford
have included determinations of signs of g-factors?. From intensity observa-
tions information is gained on spins because, for a given g-value, all other factors
being constant, the intensity is proportional to I(I 1), as is apparent from
€q.(10) or eq.(16). Difficulties in measurements of absolute intensities and of
exact values for g(v) in many cases introduce uncertainty in values obtained
for spins by this means.

With sufficient care, relative values of g-factors can be determined to as
many as seven significant figures, as for instance has been done for the proton-
deuteron ratio?2. 23, By confining measurements to frequency ratios, all
determinations can be referred back to the absolute determination of the
g-factor of the proton24,

Although the experimental frequency ratios can be, for many nuclei,
determined with extreme precision there is some uncertainty of the actual
nuclear g-factors in most cases. The magnetic field at the nucleus is not
exactly that applied to the sample and the small difference is a property of

37



NUOLEAR PARAMAGNETIC RESONANCE

the atomic or molecular state of the surroundings of the nucleus. The field
at the nucleus is decreased by the diamagnetic effect of the surrounding elec-
trons and this shift for free atoms has been computed by Lamp2s using
a Ferm1-THOMAS model for the atoms. He finds the shift in field 4 H, given
by

AH=—0-319 X 10" ZtH,. (18)

Here Z is the nuclear charge and the effect is most serious for heavy nuclei.
Recently, computations for the shift based on HARTREE and HarRTREE-FOOK
wave functions for several representative atoms have been made by DickiN-
SON 28, with results different from but near to those given by Lamp’s formula.
The applicability of these relations to ions in solution and particularly to
molecules and complexes is obviously subject to question. Experimentally
it has been discovered that different solutions containing, for instance, fluorine
in different chemical combinations such as HF, BeF, and KT, give frequencies
differing by as much as parts in 104 (2% 28, 29), Such effects are rather large
to result from differences in diamagnetism and may arisc from induced para-
magnetism in the event of low lying excited electronic states. So long as such
shifts cannot be accurately predicted, nuclear g-factors cannot be claimed to
be known nearly so accurately as the frequency ratio measurements would
allow. Ratios of g-factors of isotopes of the same element are not obscured
by such effects.

In other than the free atomic state, the diamagneticshift is known accurately
only for the hydrogen molecule. RAMSEY® has given the formal procedure
for calculating diamagnetic shifts in molecules and has been able to evaluate
the shift in hydrogen molecules for which accurate values of pertinent molec-
ular constants are available from numerical evaluation from the CooLIDGE-
James wave functions and from resonance studies in molecular hydrogen in
beams. His result is a diamagnetic correction for AH =—2-68 x 10 3 H,.
Application of Lamp’s formula for atomic hydrogen leads to A H = —3-19 x
1075 Hg and is thus a bit off, as would be expected. Experimental studies3!, 32
of proton resonances in water, hydrogen gas, and paraffin oil, among others.
reveal diamagnetic shifts relative to hydrogen, on the order of a part in 108,
allowing comparison of other g-factors to the protons in these samples to be
corrected to values relative to the absolute g-factor of the proton, via RAMSEY’s
diamagnetic correction.

Work of HanN, using the method of spin-echoes indicated that in some
liquid samples there might be several differing shifts corresponding to protons
bound in non-equivalent positions in a molecule. Using an extremely homo-
geneous field and slow sweeping technique, ARNoLD, DHARMATTI, and PACK-
ARD3 have resolved such lines finding, for example, three lines spaced 0-018
gauss apart for the three differing proton situations in ethyl alcohol, the OH,
the CH, and the CH, groups. These lines themselves show even finer structures
under higher resolution 34,

Also contributing to the difficulty of making accurate mecasurements of
g-factors in liquids is the discovery that the behaviour of paramagnetic ions
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added to solutions to shorten 7 is not so simple as one might suppose. DIOKIN-
SoN3 measured shifts accompanying addition of such ions as s function
of concentration and of sample shape and did not confirm the expected shifts
calculated from paramagnetic susceptibility and the demagnetization factors
determined by the sample shapes. An explanation, suggested by BroEm-
BERGEN and DICRINSON?®, 26 i3 based on the idea that the paramagnetic ion,
in collision with the ion containing the nucleus being studied, is perturbed
by the electric field in such a way that its effective electronic g-factor depends
on the orientation of the vector joining the two ions relative to the field
direction.

A relatively up-to-date table containing nuclear moment data collected
from paramagnetic resonance and induction experiments as well as from
microwave spectroscopy, optical spectroscopy and molecular and atomic
beams has been compiled by Mack®. This gives extensive references to the
papers describing the experiments concerned. The bibliography of the present
article contains only a few papers specifically concerned with g-factor determ-
inations, chosen as examples of the techniques3?, 38, 39, 40, 41, 42,

The almost exclusive application of the method to stable nuclei, with
the exception of I'#?(39) is related to the fact that such a large number of
nuclei (of the order of 10'¢) are required for detection, under typical con-
ditions. Improvements by large factors are not readily achieved.

MAGNETT™c INTER.:ZTION IN SOLIDS

In a rigid crystal lattice the two mechanisms of broadening discussed above
and leading to the second moment eq.(16) are present. Lines are therefore
much broader than in many liquids and the line breadth may be a function
of the direction of the applied magnetic field relative to the crystal axes in
single crystals. Such an effect has been observed in the F® resonance in
CaF,* and careful measurements of the second moment show the theoretical
prediction to be born out!®. That such an effect should occur can be understood
if it is realized that a very large part of the second moment is contributed by
the six nearest neighbors in the simple cubic lattice of fluorine. If the field
is chosen along a 111, or body diagonal, direction these neighbours all fall at
such angles that (3 cos? 6 —1) is zero and their contribution vanishes. The
peak intensity is thus a maximum at that orientation.

On the other hand, the situation with respect to relaxation time 7, is
not easily understood. The mechanism of the liquid model no Jonger applies
and a mechanism involving the elastic waves of the lattice excited by thermal
agitation must be sought. A theory based on the modulations introduced in
the dipole-dipole coupling by such acoustic waves, originally applied to relaxa-
tion of electronically paramagnetic crystals by WALLER®, can be adapted to
this case. Two mechanisms are considered. First, one has transitions induced
from the vibrations of the lattice at frequency »,. This effect is very small
owing to the low values of », compared to the main frequencies of vibration
and to the smallness of lattice constant compared to the acoustic wavelength.
It leads to values of T} of the order of magnitude of 10* seconds at room tem-
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peratures. The other mechanism involves absorption of lattice phonons of
frequency +' and re-emission at »'’, where |»'— | =%,, a process that can
result because of the essential non-linearity of the dipole-dipole interaction
which varies as r-3, Because this process involves participation of all lattice
frequencies, it is far stronger than the direct process at ordinary temperatures
and relaxation times of the order of magnitude of hours are predicted.

Relaxation times in crystals, like the CaF, cited above, are found usually
to be a few seconds, and thus much shorter than the prediction. Furthermore,
they are found to be considerably less temperature sensitive than the theory
would suggest, with the observation by RoLLIN of a relaxation time of a few
seconds in LiF at 1-5° K 4. An explanation of such shortened values of 7} is
given by the theory of paramagnetic impurities put forward by RoLriN and
Harron*, 47,48 and by BLOEMBERGEN®. According to this, a very small
concentration of electronically paramagnetic impurities can bring about
very rapid relaxation of the nuclear spins inside small spheres around each
impurity, wherein the local field spectrum at », will be strong from strong
relaxation of the impurity itself. Energy diffuses from the bulk of the spins
to these locations by a random-walk process with a step corresponding to
a mutual flip of a pair of interacting spins. BLOEMBERGEN’s tests with crystals
containing controlled impurities gave reasonable agreement with such an
hypothesis. An impurity content of as little as one part in 108 is sufficient to
dominate over the mechanisms of WALLER’s theory. Colour centres produced
by X-rays® and by pile irradiations can have similar effects.

Some crystals have structures in which a pair or a small group of nuclei
are considerably nearer to one another than they are to the remaining nuclei.
As a result of this, certain structures can appear on the resonance line. For
instance, hydrated crystals such as gypsum, CaSO, - 2H,0, possess pairs of
protons in each water molecule, with two non-equivalent orientations of
such molecules in the unit cell. The near neighbour of each proton contributes

& component of field along the z-direction of -+ "—"‘i (3 cos? 6—1) with the plus
1

or the minus sign determined by the state of the neighbour m = 4 §. The
angle 0 is the angle between the vector direction, 7;;, joining the two protons
and the z-direction (the direction of the field). Thus, in a single crystal the
Pproton resonance of each water molecule is doubled with a splitting dependent,
on the orientation of the crystal in the field. Actually this is a case where,
like the line breadth calculation, the situation is not sufficiently well described
by the model. A quantum mechanical calculation treating the two protons of
one molecule as a coupled system of spin unity, with the dipole-dipole inter-
action treated as a perturbation, shows that the splitting is equivalent to a field
of +3u (8 cos?—1)/27% With this, excellent agreement with the proton-
proton distances in water in the gaseous state is found and accurate deter-
mination of the directions of proton-proton lines is possibles!. Fig.7 taken from
shows the experimental derivatives of the absorption lines for several angles
together with absorption lines calculated from them. There are four peaks
at most orientations, two per orientation of water molecule in the unit cell.
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Even in the powder form, where the distribution of orientation of micro-
crystals is uniform, some evidence of structure remains and conclusions about
crystal or molecular structure can be drawn. This technique has been applied
to a number of substances’?. The problem of theoretical interpretation
becomes more severe as the number of particles in the group goes up. Cal-
culations for a triangular configuration of three spins have been made by
AxDrREW and BERSOHN®3. Some structure can remain if rotation of the group

Gypsum (CaS0,-2Hy0)
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Fig 7. Experimentally determined absorption curve dernvatives and absorption curves computed from them
for tho proton resonance 1n a single crystal of gypsum. The various curves correspond to various values of
the angle © between the direction of the field H, alx)xl: nt:e (100) direction, with the field always 1n the (001)
about fixed axes relative to the group occurs and, thus, otherwise difficult
to obtain information about internal states and configurations is provided.
In certain cases changes of structure or of breadth occur as temperature is
varied, with stationary groups at low temperature going over into free or
hindered rotations at high temperatures4, 55, 8, 87, Tt should be remarked
that the temperature of such line shape transition is not the same as that of
an accompanying anomaly in the specific heat because the line shape begins
to change when the average life time of a given orientation becomes shorter
than 7,’. This, in the ammonium halides, is about 100° C below the associated
specific heat anomalies. The line breadth change is not abrupt but covers a
range of several degrees of temperature. A complex spectrum has been worked
out by ANDREW 58, assuming rotation only about certain axes, to account for
an observed multiplet structure in the antimony resonance in an aqueous
solution of SbFj ions?3’.
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HarroNn and RorLin® have observed an interesting line shape transition
in the proton resonance of solid hydrogen near 1° K. The line changes from
a single one to two symmetrically displaced peaks as the temperature is
reduced from 1-7°K to 1°K with all three lines showing at intermediate
temperatures. The effect is thought to be associated with the splitting of the
molecular rotational states of orthohydrogen (the only component contribut-
ing to the resonance) by crystalline electric fields. The structure would only
appear at temperatures low enough to provide the required lifetime of a given
molecular state.

More detailed information on internal motion of such groups in crystals
can be obtained by studies of spin-lattice relaxation times. In these cases
the relaxation mechanism is similar to that in liquids. Because 7, is a measure
of the local field spectrum at »,, its value gives information at all temperatures
rather than just in the small range of temperature of the line width transition.
Studies by Sacas and TURNER, reported by PURCELL®®, of the proton resonance
in ammonium halides are consistent with the view that the line width change
occurs when the tetrahedral ions jump to new equivalent orientations in a time
on the average of the order to 7}". The rate inferred from correlating relaxation
times with curves like Fig. 5 increases with increasing temperature in accord
with an exponential excitation function. This technique has been applied by
NEwMAN to several other crystals®.

In some crystals, nuclei can serve, via resonance, to measure net internal
fields at various lattice sites due to electronic magnetic moments at other ions.
BLOEMBERGEN ®' observed at low temperatures ten separate proton resonances
in single crystals of CuSO, - 5H,0 corresponding to different net contributions
of the cupric ions and the neighbouring protons to the field at the positions
of the ten non-equivalent protons in the unit cell. The splittings increased as
the temperature was decreased owing to the increasing net polarization of the
cupric ions, and the center of gravity shifted accordingly. Such observations
were greatly facilitated by the presence in CuSO, - 5§ H,0 of a strong exchange
interaction between the cupric ions. This reduces the intensity of the local
field spectrum at », and consequently reduces the broadening of the proton
resonance by the cupric ions. Similar observations have been made by
Pour1s®? and he has also confirmed the existence of anti-ferromagnetism at
low temperatures in this way in CuCl, - 2H,0 ¢,

Resonance of nuclei can be observed in metals and, in fact, a sensitive
apparatus will normally record the resonance of Cu® and Cu® in the wire
of its own coil. Because of the small skin depth of the r-f field, finely powdered
samples are best and observations of relaxation times 79448 confirm the
theoretical estimates® based on coupling via the thermally excited conduction
electrons. The relaxation times are found to be proportional to inverse tem-
perature and to be of the order of seconds at 1° K. Metals seem to be the
most promising for attempts to achieve spin lattice equilibrium at temperatures
far below 1° K, in the absence of considerable electronic paramagnetism in
the same sample.
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It has been discovered®® that the resonance in metals is shifted, for the
same applied field, to higher frequencies than that of the same nucleus in
a non-conducting salt, by amounts of the order of one part in a thousand.
This at first puzzling result may be explained as due to the Paramagnetism
of the conduction electron®. ¢, It is a much larger shift than the bulk para-
magnetic effect because the electron wave functions have high densities in
the vicinity of the ions compared with their average density. It can be seen
that such a shift should not be strongly temperature dependent because only
the thermally excited electrons, above the FERMI energy, contribute. This
number decreases with temperature but the degree of polarization per electron
in a given field increases as the inverse temperature.

Crystals of high purity can show relaxation times of minutes or even hours
at room temperature but there is no case where such relaxation times have
been demonstrated to be determined by the mechanism of WALLER. Pure
single crystals of LiF have been found to have a value of 7', for the Li reron-
ance of five minutes and this discovery made possible some interesting associ-
ated experiments5®, It was found, for instance, that, if the crystal was allowed
to achieve thermal equilibrium in a strong field, the crystal could be quickly
removed and reinserted in any orientation with no loss in intensity of the Li?
resonance. When it was held outside the field for several seconds, the intensity
on reinsertion was found to be reduced and in this way the spin-lattice relaxa-
tion time in a negligible field was determined to be 15 sec. If, while the crystal
was held external to the field. it was snbjected to a r-f field in the range from
0 to 200 kes it was found that the loss of intensity on reinsertion could be
greatly increased. By a study of the dependence of this effect on the low
frequency, an absorption spectrum for the nuclear spin system in negligible
static fields was observed ®. In small applied fields the spect:um so determined
showed evidence of componcnts corresponding to the g factors of both Li?
and 9. The peak of the rather broad absorption, in negligible fields, at about
50 kes corresponds roughly to the frequency resulting from the internuclear
fields of several gauss in the crystal.

In an attempt to discover the conditions determining the sense of the
magnetic moment vector relative to the direction of the strong field when the
crystal was quickly removed and reinserted, several experiments were per-
formed™. An operation that resulted in a reversed magnetic moment in the
crystal upon remagnetization was devised. The magnetization subsequently
decayed through a null value back to the equilibrium magnitude and direction
with the exponential time constant of 5 min characteristic of the spin-lattice
coupling. The reversal was accomplished by holding the crystal, originally in
equilibrium in the strong (6500 gauss) magnet, in a field of about 100 gauss.
A condenser was discharged through a coil and resistance in such a way that
the 100-gauss field reversed in about 0-2 usec and decayed back to its original
direction in about 1 millisec. The whole operation outside the strong test
field was performed in about 2 sec. The reversed magnetization is evidenced
by the presence of a radiation line instead of the normal absorption line. This
would result with an inverted distribution over the encrgy levels.
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The spin system just after re-insertion in the strong field may be described
by a BoLrzMANN distribution with a negative value of the absolute tempera-
ture. Closer examination of the conditions of the experiment suggests that the
spin system, to the extent that it is isolated from the lattice, is actually in an
equilibrium state because the spin-spin coupling is very strong. In fact, just
before re-insertion in the strong field the crystal was taken through the negligible
earth’s field in which the states must be described by spin-spin coupling only.
Thus, except in the first reversal, the spin system follows changes in field
magnitude and direction adiabatically. Simple removal of the crystal from
a strong field to a negligible one results in adiabatic demagnetization to a spin
temperature of about 1° K, the reversal and return to the negligible field
results apparently in a spin temperature of about —1° K and the remagnetiza-
tion results in a spin temperature of —300° K. The decay is to higher magni-
tudes of negative temperature, through infinite and down to the lattice
temperature. No passing through absolute zero is implied and the system at
negative temperature is, in fact, hotter, not colder, than any system at positive
temperature. Only systems with a limited number of energy levels can be
brought into such a condition and it results from putting into the system more
energy than results in equal populations of the levels. It is important to
realize that the relatively strong interaction among the elements of the system,
as compared to that between the spin-system and lattice, produce rapid
equilibrium internal to the system, justifying the use of the term temperature.
Transient reversals can easily be produced in liquid samples, for instance,
but they could not be said to fully justify a description in terms of temperature
because 7 and 7', are so nearly equal.

ELECTRIC QUADRUPOLE EFFECTS

Nuclei of spin greater than 4 can, and usually do, possess electric quadrupole
moments. As a result, the energy of nuclear orientation is not completely
described by the magnetic effects. Electrostatic potentials of lower than cubie
symmetry interact with such nuclei and this can have profound effects on the
nuclear paramagnetic resonances. The studies of nuclear resonances in solids
described above have been confined to nuclei of spin }, such as the proton and
F19, or to cubic crystals, for this reason.

In aqueous solutions and in molecular liquids the Brownian motion leads
to a strong averaging out of the electric quadrupole interaction, just as it
does of the dipole-dipole magnetic interaction. The time averaged interaction
is, however, much stronger than that of the magnetic and for a given correla-
tion time it therefore is the principle contributant to 7; and 7,. Even in D,0,
the value of T} observed for the deuteron is shorter than that of the protons
in Hy;O under similar conditions, instead of longer as should result from the
smaller g-factor of the deuteron®. In heavier nuclei having larger electric
quadrupole moments, like those of Br~ and I~ ions in solution™. 4, the lines
are considerably broadened by the shortness of 7, and T,. By this means it
was possible, for instance, to correlate the g-factors and quadrupole moments
of the two equally abundant bromine isotopes.
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A theory of relaxation time in liquids would follow analogous lines to that
using only the magnetic effects. Unfortunately quantitative results are difficult
to interpret because they involve the complex characteristics of concentrated
solutions. These depend strongly on concentration and temperature.

In a rigid crystal of lower than cubic symmetry the electric quadrupole
interaction leads to strong splitting of a resonance line. For an isolated
nucleus in a strong magnetic field the energy levels, including the electric
quadrupole effect as a first order perturbation, become

Wo=—muB) + qrat—p Bm—IU+11 57 (19)

where @ is the conventionally defined scalar measuring the nuclear electric
quadrupole moment and V is the electrostatic potential at the position of the
nucleus, arising from all charge external to it. The value of 92 V/922 is a function
of direction relative to the crystal axes. As a result, powdered specimens, with
microcrystals randomly oriented, show very smeared out spectra if non-cubic.
For odd half-integral I, the m = § - m = — } transition, because of the sym-
metry in m, should be unaffected by the quadrupole coupling, according to
eq.(19). If the coupling is moderately strong, the first order perturbation of
eq.(19) is not a sufficiently accurate description and in the second and higher
even orders, this transition is also smeared out. As a consequence, nuclear
resonances in powders, if moderate electric quadrupole coupling exists, are
almost unobservable. Considerable spreading is observable even in the Li’
resonance in Li,CO,, for instunce?, where the nuclear quadrupole moment is
relatively small.

In single crystals there is a unique valuc or several such values of 82 V/922
determined in part by the orientation of the crystal with respect to the field.
Thus the spectra may be split into 21 components, or several sets of such
components if there are non-equivalent lattice sites, the spacing of the compo-
nents depending on the orientation of the crystal. The resonance of Na?3
with spin § in NaNO,, for instance, shows the three lines reproduced in Fig.8.
In this case, because the crystal has an axis of trigonal symmetry through
the Na positions, the value of 92¥/022 must go as }(3 cos? 0—1), where 0 is
the angle between the z-direction (that of the magnetic field) and the crystal
axis. Observation of the splitting as a function of angle fully confirms this,
except for a very small departure requiring higher order terms in the theory.
In this case the maximum central-satellite splitting was 167 ke/sec, with a centre
frequency of 7-18 Mc/sec.

The spectrum of Al¥, with spin of §, in single crystals of Al,O; shows the
anticipated five-line structure with a centre-to-far-satellite maximum splitting
of 720 ke/sec. Here there was a considerable second order contribution causing
the central line to change with angle (the m = } to — } transition). Perfect
agreement between the experimental dependence and theory was obtained?2.

It is apparent that useful information can be obtained from these spectra.
This technique has been utilized by ScHUSTER and PAXE? to determine the
spin of Be? as § from the spectrum in a chrysoberyl crystal. It is useful for
determination of accurate values of the ratios of electric quadrupole moments
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Farapay effect and would not give rise to coupling to a crossed coil, as with
the purely magnetic resonances, because no magnetic polarization of the
nuclei is present.

Observation of these spectra should be possible with techniques similar
to that used for nuclear paramagnetic resonance. It is complicated by the
fact that the apparatus must scan in frequency and for that reason the self-
oscillating schemes have mainly been used, particularly the superregenerative
technique. The latter is relatively suitable because it is found at ordinary
temperatures that T, and T, are short and, for the best signal-to-noise ratio,
rather large r-f field strengths are useful. Single crystals are not required for
detection of the pure quadrupole spectra.

The first zero field resonances to be found in the solid state were those of
CI13% and CI*” by DeaMELT and KRUGER? in trans,, dichlorethylene, cooled in
liquid air, in the region of 30 Mc/sec, using a superregenerative scheme. The
ratio of the frequencies gives an accurate measure of the ratio of the quadrupole
moments. Their results have been improved by later measurements on several
compounds containing co-valently bonded Cl%. Shortly later DEnMELT?®
observed lines of several iodine compounds resulting from the two transitions,
+4—>4% and 4+ 3—> 4} of I'* with a spin of §. Some of these com-
pounds, including I, and Snl,, were observed at room temperature. The two
frequencies in each compound are in the ratio of nearly 2:1 and the depart-
ure from 2:1 can be shown to be a measure of the deviation of the electrostatic
potential from axial symmetry The frcquencies of the lower line fell between
200 and 450 Mc/sec, depending on the compound, and the line breadths be-
tween 10 and 100 ke/sec. The frequencies themselves usually increase with
decreasing temperature, as a consequence, presumably, of the damping out
of vibrations of the molecules

The line breadths seem to be greater than can be attributed to dipole-
dipole interactions. A study of the temperature dependence of the frequencies
and breadths of the resonance in J, down to liquid helium temperatures reveals
broadening with decreasing temperature?. Apparently, crystalline strains
are responsible, producing an effect analogous to that of an inhomogeneous
magnetic field, as evidenced by the dependence of breadth at low temperature
on the state of compression of the polycrystalline sample. The relaxation time
of the two lines was found to differ being, at 4° K, about 20 sec for the high
frequency line and 5 min for the low. The large line breadths make the detec-
tion ot the resonance much more difficult than would be expected if magnetic
dipole-dipole coupling determined the breadths.

The existence of a pure electric quadrupole coupling of such a magnitude
is the basis of one of the methods proposed to attain spatial alignment of
nuclei at low temperature®. Predominant population of the + § state
results if the spins can be brought into thermal equilibrium at temperatures
such that kT'<hv. Relatively simple single crystals are required to give
the direction of quantization spatial significance. Such alignment would
facilitate the study of the angular distribution of radioactive decay. The
principal problem presented is that of achieving the thermal equilibrium.
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1. GENERAL INTRODUCTION
(a) Short historical survey
The scintillation counter has now become a familiar instrument for the detectioir
of nuclear radiation in all fields of nuclear research. Its essential features are
a luminescent solid or liquid which emits scintillations when bombarded by
the radiation to be detected, and a photoelectric multiplier tube which picks
up the scintillations and provides pulses of voltage at its output. These pulses
can be counted and analysed by conventional techniques. Some of the chief
advantages of this type of detector over other types, such as the GEIGER-
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MuLLER counter are the high sensitivity to gamma rays, the very rapid
response time and the high resolution which is very advantageous for coinci-
dence measurements. Qur present intention is to review the development,
characteristics and uses of the luminescent materials employed in the scintilla-
tion counter. We shall also consider the fundamental mechanisms of excitation
and light emission in these substances, in particular the striking differences
between these mechanisms for inorganic and organic crystals and liquids.

As is well known, one of the earliest methods for the detection of alpha
rarticles from naturally radioactive substances was the spinthariscope in
which the visible scintillations from a zinc sulphide phosphor screen due to
particle bombardment were observed visually. This instrument, which is first
associated with the name of CRookES, was used extensively by RUTHERFORD
in his early experiments. The first published attempt to use a scintillating
phosphor with a photoelectric multiplier appears to be that of Brau and
DrEYFUSS! in 1945. They used a screen of microcrystalline zinc sulphide.
The first observations of individual particles by means of the photoelectric
detection of the scintillations produced seem to have been made by CURRAN
and BAKER!® but their work remained classified until 1947. The first published
accounts were by KALLMANN and his co-workers in Berlin? and by CoLTMAN
and MARsHALL? in the U.S.A in 1945. A little while later BRoSER and KaLL-
MANN* reported the successful use of naphthalene crystals as beta and gamma
ray detectors. They employed the crystals in conjunction with a photomulti-
plier having a caesium cathode. In the same year DEUTSOH® reported the use of
naphthalene for gamma ray detection in conjunction with an R.C.A. 931 A type
photomultiplier having an antimony-caesium cathode. He confirmed KaALL-
MANN’S claim that the intrinsic efficiency of the naphthalene crystals for gamma
ray detection (1 Mev energy) was of the order of 10% and that by cooling the
photomultiplier to reduce its thermionicnoise, 100% counting of the gamma rays
falling on the crystals could be achieved. In 1948 BELL® showed that anthracene
crystals used with antimony-caesium surfaced photomultipliers gave much larger
output pulses from the multiplier than naphthalene. This was followed by
an exhaustive search for better crystals for scintillation detectors and in that
same year two conferences provided full discussions of progress and possibilities
in the use of scintillation counters, one at Rochester, U.S.A. and the other at
Birmingham, England. In 1948 also Ho¥sTADTER? developed the thallium
activated alkali iodides as gamma ray dotectors and reported much higher,
absolute counting efficiency values than those for the hydrocarbons, presum-
ably due to the higher density of the halides. Later the use of a non-crystalline
solid, namely polystyrene, as a detector with very fast response time was
reported®. Since then the use of liquid and plastic materials in scintillation
detectors has become quite common where a large volume of detector is
necessary, as in cosmic ray studies. The notable advance in liquid detectors
was made by RevynoLps’® discovery of the high efficiency of solutions of
p-terphenyl in xylene. Quite recently even better performance has been
claimed for plastics in which a small amount of a suitable luminescent material
has been incorporated during polymerisation1e.

52



GENERAL INTRODUCTION

Several reviews of the development of scintillation counters have already
appeared. The first was that of JorRDAN and BELL! while others due to
PriNgLE'? and to HANLE!® have appeared more recently. The latter has
provided an up to date list of over one hundred and fifty references to the
subject.

(b) Desirable characteristics of luminescent materials

Arising out of accumulated experience in the use of scintillation counters, it
is now possible to specify many of the desirable characteristics which a lumin-
escent solid or liquid should possess if it is to be used as an efficient radiation
detector. They may be summarised as follows.

(i) The lumines:ent material must have a high officiency for conversion
of the encrgy of the incident radiation or particles into that of the emitted
luminescence.

(ii) The spectrum of the emitted light must match as closely as possible
the spectral response of the cathode of the photomultiplier with which it is
used. It is desirable that the photocathode spectral response should lie in
the blue-violet or ultraviolet regions since response to the red is linked with
a high value of the thermionic emission of the cathode. A compromise is
usually necessary and at the end of the introduction we discuss the available
photosurfaces.

(iii) It is cssential that the luminescent miaterials should be transparent
to their own luminescence emis,ion.

(iv) It is desirable that the luminescent substance can be obtained as a large
optically homogeneous mass, either as a single crystal without flaws, or in
solution (solid or liquid). It should also be possible to mould or machine the
material to any convenient shape.

(v) An important quantity is the refractive index of the luminescent solid
or liquid. In the case of many inorganic phorphors used in counters the valuo
of the index is rather high (about 2) and difficulty is experienced in getting
the emitted light out of the the solid.

(vi) The material should have a high stopping power for the radiation to
be detected. This involves not only consideration of its density but of the
particular mechanism of energy conversion. For example, hydrogenous
materials are more favourable when fast neutrons are to be detected. We
discuss thesc problems later.

(vii) One of the most important factors in the choice of a luminescent
material for counting is the rise and decay of the luminescence during and after
excitation. It is desirable that both rise and decay should occur in as short
a time as possible.

(viii) The luminescent detector must be as stable as possible both under
the conditions of the experiment, that is, particular atmosphere or vacuum
conditions, and also under prolonged exposure to the radiation being detected.
We shall consider later stability in relation to the fundamental mechanisms
of interaction of the primary radiation with the material.
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(¢) The photomultiplier characteristics
Tt is useful to spend a little time in discussing the characteristics of the photo-
multiplier used to detect the scintillations emitted by the phosphor detector
since the efficient analysis of the nuclear radiation depends on a correct match-
ing of the multiplier and the phosphor. First of all we consider the spectral
response and sensitivity of the primary photocathode of the multiplier. In
Fig.1 are given the spectral response curves of photosurfaces in use in multi-
pliers for scintillation counters'4. It is seen that the caesium surface has
peaks of response in the ultra violet and in the red regions of the spectrum,
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whereas the antimony-caesium surface has a peak in the blue region. Karr-
MANN 2 used the former type of multiplier in his early experiments (with cooling)
which accounts for the apparently good response of naphthalene crystals which
are not so useful when antimony-caesium surfaces are employed. There is
also a considerable difference between the absolute efficiency of these two
surfaces as shown by the values included in the diagram caption of Fig.1.
When using the photomultiplier as a detector of scintillations the statistical
fluctuations in the number of photoelectrons produced per scintillation become
important. In many applications of the counter to energy measurement of alpha
particles and protons the individual scintillations only release about 400 or
500 electrons at the photosurface. This means that a spread in magnitude
of the output pulses of as much as 10% in the optimum case has to be tolerated.
We shall mention this consideration later in discussing the use of crystals as

proportional counters.

2. CLASSES OF LUMINESCENT MATERIALS FOR SCINTILLATION COUNTERS

For convenience we may classify the luminescent solids and liquids as follows:
(a) Inorganic crystals. (b) Organic crystals. (c) Organic liquids and plastics.
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The distinction between inorganic and organic crystals is not a very
important one to the user of scintillation counters but it happens that two
important features distinguish these groups, namely, the differences in density
and in decay time of the luminescence.

(a) Inorganic crystals
(i) Zinc and cadmium sulphides

These materials are very well known as suitable for cathode ray tube screens
and a large amount of fundamental and applied research has been concentrated
on them in the past!®.16,17,18,15, Screens of copper activated zinc sulphide phos-
phors were used in the early spinthariscopes. These phosphors are prepared by
special heat treatment of very pure raw materials and in most cases a deliberate
addition of a specific impurity such as copper or silver (usually about 0-01%)
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Fig. 2. Cathodoluminescence spectra of sulphide phosphots. 1. Zns-Ag; 2. Zns-Cu; 3. ZnS (40%) Cds (60%)
Ag; 4. Zn8 (20%) Cds (80% ) Ag; 5. Cds-Ag. All Ag und Cu concentrations 0 01%.

is made. Zinc and cadmium sulphides form a mixed crystal system when fired
together and the luminescence emission spectrum, as well as other important
properties like after-glow, depends on the relative proportions of the sulphides.
When made at temperatures above 1025° C zinc sulphide assumes a hexagonal
crystal lattice. Below this temperature the cubic habit (diamond or blende
type) can be obtained by suitable flux treatment. In this case it is possible
to obtain flat plate-like crystals with dimensions a considerable fraction of
a millimetre. The spectra of various typical specimens of zine, cadmium and
zinc-cadmium sulphide phosphors are given in Fig. 2 for cathode ray excita-
tion of the materials2.

Comparison of Figs. 1 and 2 shows that the emission of silver activated zinc
sulphide matches the spectral response of the antimony-caesium cathode while
the cadmium sulphide emission matches that of the caesium cathode. The
latter combination has been extensively used by KaALLMANN and his co-workers
as discussed later. Silver activated zinc sulphide represents the most efficient
phosphor available for conversion of particle encrgy into luminescence. KaLr-
MANNZ gives the intrinsic conversion efficiency of the ZnS-Ag phosphor as
about 20% while for cathode ray excitation and using aluminium backing for
the phosphor screen an efficiency of 25% has been claimed 2. However, while
zinc and cadmium sulphides possess this high efficiency it is difficult to obtain
them in the form of large single crystals. FRERICHS has made cadmium sulphide,
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yrestals up to 2 em in length (see Section 3) and a recent verbal communication
from Broser and WARMINSKY reports success in making good single crystals
of luminescent zinc sulphide. STUDER et coll.8 have succeeded in making thin
transparent layers of zinc sulphide on glass and ReyNoLps and Czyzax?2
have reported production of non-luminescent crystals of zinc sulphide
several millimetres in length. Further disadvantages of zinc and cadmium
sulphides are their slow response and decay times which are effectively greater
than 100 ysecs, and their high refractive indices (Table 1).

(i) Alkali halide and alkaline earth halide phosphors
The luminescence characteristics of large crystals of the alkali halides activated
by thallium impurity have been the subject of many studies during the past
two decades (see ref. 18, Chap. IIT). These halides are relatively easily grown
from the melt as large single crystals. Those of most interest for scintillation
counters are the iodides of sodium and potassium activated by thallium?,
and pure lithium fluoride. Fluorite (calcium fluoride) has also been employed
in scintillation counters. The sodium and potassium iodides containing thall-
ium have relatively broad emission bands at about 4100 A and so match the
antimony caesium cathode. Since potassium iodide contains the K4 isotope
it is naturally radioactive and so has an undesirable background emission as
well as a rather long decay time (i.e. > 10 usecs) Sodium iodide has a much
shorter decay time (0-25 usec) and no self activity but is extremely hygro-
scopic and must be sealed into containers unless used in vacuo. Both iodides
have densities of about 3-6 while their refractive indices are about 1-7. Data
have also been given for thallium activated caesium and lithium iodides?2s
which have densities of 4:5 and 4-06 respectively and decay times longer than
1 usec. In recent months KarLMaNN and Fursr? have reported success
using silver activated sodium chloride crystals (emission in the ultra violet
region 2350-2600 A and 3200-4500 A), with a 1P28 type multiplier (silica
envelope). MANDEVILLE, et coll.?” have found that an efficient scintillation
counter results when silver activated sodium chloride crystals are combined
with photosensitive G-M. counters. An absolute efficiency of 15% is claimed
forexcitation by Po. a-particlesand the decay time of luminescence is estimated
to be about 0-2 psec. They have examined a large number of materials for use
in this type of counter but none of these surpass the sodium chloride crystals.
FarMER, MooRE and GOoODMAN 2 have used pure synthetic lithium fluoride
crystalls in scintillation counters and report a decay time of about 1 psec and
intrinsic efficiencies of 9-5, 11 and 1-6 % for thermal neutrons, polonium alpha
particles and Co® y rays respectively. The characteristics of pure calcium
fluoride crystals have been investigated by McINTYRE®. The decay time of
ts luminescence is 0-15 psec.

i(iii) Tungstate phosphors
The tungstates of zinc, cadmium, magnesium, calcium etc. all show lumin-
escence after heating in the pure state to a high temperature. Fig. 3 gives the

cathodoluminescence spectra of some of these phosphors20. Scheelite, ¢.e., natural
calcium tungstate shows similar characteristics to the synthetic phosphor
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but is found in some localities, notably Kern County, California as large trans-
parent crystals. Its blue luminescence emission is a reasonable match to the
antimony caesium photocathode and it has been found quite efficient for
detection of «, f and y rays®® 3. It can be obtained in large crystal form by the
Verneuil method (see Section 3) and has a density of 6-1 and refractive index
of 1:92. The chief drawback is its decay time with half life of 3 psecs. (It is
quite stable in air or in vacuo.) It has been investigated as a detector for low
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Fig. 3. Cathodoluminescence spectra of some ““ Unactivated’ tungstate phosphors 1. MgWO,; 2. CAWO,;
8. ZnWOQ,; 4. CaWO,.

energy electrons®? (500 ev) having for these an absolute conversion efficiency
of 5x10-2%.

(iv) Lead activated barium sulphate

Barium sulphate containing lead as impurity and prepared by heat treatment
is a white microcrystalline powder which emits a blue luminescence when
excited by particles, X-rays or gamma rays. It was developed for X-ray
intensifying screens®. There are no reports so far of large synthetic crystals
of this phosphor being prepared. Natural barytes, even that from deposits
known to contain lead, does not show any appreciable luminescence (writer’s
investigations). The powder-form, synthetic phosphor, is quite efficient for
particle and y ray excitation, its density is 4-5, its refractive index 1-64 and
its luminescence decay time a little less than a microsecond. As shown in
Section 3 below it may be possible to prepare it as large crystals.

(v) Zinc oxide phosphors

When suitably prepared by heating in a controlled reducing atmosphere at
1000° C zinc oxide shows a green luminescence emission and responds to
particle or gamma ray excitation with a decay time of about 1 psec2. It is
not as efficient as silver activated zinc sulphide and so far no large single
crystals are available.

(vi) Miscellaneous

Some specimens of blue luminescent diamonds examined in the writer’s
laboratory have been found to give scintillations under alpha particle or gamma
ray bombardment but no exhaustive investigations have yet been made. A
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serious disadvantage in using diamonds would be their high refractive index
of 2-42. Moox® has investigated a number of different natural and synthetic
crystals for their scintillation efficiency under y ray excitation and his results
are given briefly in Table 2. Amongst those giving “excellent” response
we may note synthetic sapphire which is available as large transparent crystals
with a density of 4 g/cc and a refractive index of 1-77.

Two otherinorganic substances have been investigated recently by the author.
One is cadmium iodide activated by lead (see also ref. 31%) which seems to
be very efficient for «, f and y rays has a green-yellow emission and has a decay
time in the microsecond region. It might prove a useful detector for slow
neutrons due to its high cadmium content. It can be grown as a single crystal
from water or acetone solutions. The other material was well known in earlier
days as a fluorescent screen for X rays. It is barium platino-cyanide BaPt
(CN),-4H,0 and can be obtained as large crystals by crystallisation from
aqueous solution. It has a decay time of 25 usec and is a very efficient y ray
detector.

(b) Organic crystals
In this section we shall consider in detail only those substances that are reason-

ably efficient as scintillation counters. Discussion of the fundamental processes
involved in their excitation and emission is given in Section 4. The distinectivo

Table 1—Characteristics of luminescent materials for scintillation counters

Material Form | Density | Refr. E;:;:;":" Intrinsic ejficroncy (%) Decay time
(9/ce) | wndex (A) ap 8 l n ‘ y (usec)

InS-Ag. . . ... powd. | 41 | 24 4500 ‘ 20 20| — | 135 |>10
CdS-Ag. . . ... crys. | 48 | 25 7600 | 23 23| — | 230 >10
Nal-T1 . . . ... erys. | 37 | 1.7 4100 | 20 20 — |2 0-25
NaCl-Ag . . ... crys. | 22 | 15 2600 15 10 — [ 10 0-20
KImm ...... erys. | 32 | 165 4000 5 5| — 5 =10
CsI-T1 ..... .| crys. | 48 1-76 white — 15 —_ — | >1
LiLTL . ..... crys. | 41 | 1-85 | blue-gr — | 10| — > 1
LiF. . ...... crys. | 2.3 | 1-39 — 11 95 1-6 1
CaFy . . . . ... erys. | 32 | 141 — — | -] - 0-15
CaWO, . . . ... crys. | 61 | 1.9 4300 5| — | — | — 3
BaSO,-Pb powd. | 45 | 1:65 blue 20| — | — — | <1
Zn0 . ...... powd. | 56 | 2:0 5000 20| — | —- — 1
ALO,. . .. ... cerys. | 40 | 1.8 3000 — | — | — | good —
Naphthalene crys, | 115 | 1-6 3850 03| — | — | 510 0-06
Anthracene . . . .| crys. | 125 | — 4450 15— | — |10 0-03
Phenanthren. . . erys. | 1:03 | 1.7 4500 06| —| — |10 0-008
Dibenzyl . . . . . crys. | 1-0 — |36004000| — | — | — 6 0-0168
Stilbene . . . . .| crys. | 116 | — |4000-4200| 08 | — | — 6 0-008
Tolane . . . . . .| crys. | 10 — — — | =] = — 0-04
Terphenyl . .| erys. | 1-23 | — [32004000 — | — | — | 10 0-012
Terphenyl in xylene. | sol. 0-86 | 1-5 (32004000 — | — | — | 5-10 0-002
Diphenylbutadiene

in plastic . . . . — | 15 — — | =] — | 510 0-008

N.B. Position of emission bands only approximate.
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Table 2

I. Excellent response
CaWO, (Scheelite)
CaF, (synthetic and
natural fluorite)
LiAlSi,0, (Spodumene)
Al O, (synthetic sapphire)
LiF (synthetic

ITI. Medium response
M,;:S0,KC13H;0 (Kanite)
Topaz
Be,Al,ySig0,4 (beryl)
CaCOjy (calerte)

Sulfur

V. No response
S10, (clear quartz)
CaCOjy (aragonite)
Al;0,+Cr (artaficial ruby)

II. Fair response
PbCO, (cerusito)
Phenatite
Apatite (pale yellow)
CaB,Si,O4 (danburite)

IV. Weak responso
SrS0, (celestite)
Tourmaline (pink)
CaSo,2H,0 (gypsum)
CaBS10,(0OH) (datohte)
Maple syrup sugar crystal
Halite (NaCl)
Na(l (artificial)

KAIS1,04 (orthoclase)
KMg,;Al,;Si,0,0(OH); (phologopite)
KAl;81,0,0(0OH), (muscovite)

KCl (artaficial)

feature of organic crystals compared with those of inorganic nature is the
shortness of their luminescence decay times.

(i) Naphthalene crystals

In Table 3 we give the structural formula of naphthalene and other organic
materials used in scintillation counters. Naphthalone was first used by KaLr-
MANN for the detection of y rays®. He found that the purity of his crystals was

Table 3
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an important factor in determining their efficiency as counters. With good
crystals he claimed an absolute efficiency for y ray detection of about 5-10%.
This value was later confirmed by DEUTSCH? using an R.C.A. 1P21 multiplier.
Fig. 4 shows the luminescence emission spectrum of naphthalene. It is
evident that the emission will be a reasonable match to the caesium surfaced
photomultiplier used by KALLMANN but much less suitable for use with the
antimony-caesium surfaced multipliers in common use in the U.S.A. and in
this country. Naphthalene is very easily grown as large single crystals of
several inches in dimensions, its melting point being 80° C. Initial purification
can be achieved by steam distillation or by recrystallisation techniques.

(ii) Naphthalene containing anthracene

It is known from the work of BowWEN et coll3, 35 that if naphthalenc contains
a fraction of a percent of anthracene its luminescence emission is predominantly
that of anthracene when excited by

o4 s ¢ radiation absorbed in the host lattice.
g[8 f/ﬁ\ //\Q/\\ A similar phenomenon is observed for
§ naphthacene as impurity in anthracene
N A A A . , and for pentacene as impurity in naph-
2000 4000 6000 A

thacene. An efficient mode of energy
Wavelergih transport exists between the absorption
Fig. 4. Luminescence spectra of hydrocarbons. . R R .
A Naphthalene; B Anthracene; C Naphthacene. Sites in the matrix lattice and the
emitting molecules. We shall discuss
this mechanism later. From the practical viewpoint this process enables
naphthalene crystals containing anthracene to be used efficiently with
antimony-caesium surfaced photomultipliers since the emission is in tho an-
thracene bands shown in Fig.4. The output pulse magnitudes from the photo-
multiplier using such crystals with ~1% anthracene content are two or
three times those when pure naphthalene is used and usually about { those
from pure anthracenc crystals.

(iii) Pure anthracene

As stated in Section 1, BELL® found anthracene to be much more efficient
than naphthalene in conjunction with 1P21 and 5819 type photomultipliers
because of its spectral match. Since this discovery anthracene crystals have
been extensively used for y ray detection. For similar reasons to those stated
in para. (ii) above, anthracene must be obtained in a very pure state in order
to give its own luminescence emission when excited. The initial purification
can be made by repeated co-distillation of the material with ethylene glycol®
with subsequent separation by washing with water and careful drying. Anthra-
cene is easily oxidised when heated and so single crystals have to be made under
vacuum or inert atmosphere conditions by the method described in Section 3.

(iv) Dibenzyl, stilbene and tolane

These three compounds form a related structural series as shown in Table 3
and are more lucidly called diphenyl ethane, diphenyl ethylene and diphenyl
acetylene respectively. It was found by several different workers3s, 39, 4
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that their efficiency as scintillation counters increased from dibenzyl to tolane
the latter being reported to give six times the pulse magnitude characteristic
of stilbene®, the latter being superior to anthracene. These measurements
were for gamma ray excitation. These crystals are also noted as a group
for their very short luminescence decay time which is about 0-006 ysecs1, ¢, 4,
The temperature dependence of the decay time of stilbene has been measured
by Posr and SaRER. It only changes from 0-0044 usec at —196°C to
0-006 pysec at room temperature while anthracene shows a much greater
change from 0-01 usec to 0-023 usec over the same temperature range. Refer-
ence to Table 1 will show the comparative features of these and the other
rolated hydrocarbons.

(v) Terphenyl

Torphenyl or diphenyl benzene (see Table 3) has been investigated in erystalline
form and compares very favourably with stilbene as regards its efficiency
and decay time (Table 1). Terphenyl forms very rugged crystals, according
to HoFSTADTER4, compared with other materials. It has, however, come

into prominence as a suitable ‘‘activator’’ solute for liquid solutions used in
scintillation counters [see Section (c)].

(vi) Phenanthrene

Phenanthrene is closely allied to anthracene in its characteristics. GITTINGS®
has given results using this material in conjunction with 1P21 and 1P28
photomultipliers.

(vii) Miscellaneous organic materials

In recent articles the scintillation characteristics of many different organic
compounds have been given. In 1950 HorsTADTER# listed many materials
giving their emission and light yield for particles. Amongst them and not
noted above are pyrene, chrysene, acenaphthene, quaterphenyl, fluoranthene
and fluorene. SCHILLINGER et coll.45 have reported that chrysene is as good
as anthracene but their comparisons were made for small chrysene crystals
obtained by slow cooling of toluene solutions. CoLLINGE and RoBBINS# have
investigated the response of many of the above crystals to alpha particles. In
this respect anthracene is superior to stilbene, chrysene and anthracene in
naphthalene while such materials as phenanthrene, pyrene, fluorene, dibenzyl,
fluoranthene and diphenyl are much poorer.

(c) Organic liquids and plastics
(i) Liquid solutions
In 1950 ReyNorLps and his collaborators®* investigated various solutions of
hydrocarbons such as naphthalene and anthracene in benzene, p-terphenyl in
benzene, dibenzyl in ether, terphenyl in xylene, some pure solvents and melted
dibenzyl. Their results indicated that while pure liquids were not efficient as
scintillators dilute solutions of some hydrocarbons possessed excellent response

* Earlicr experiments on total fluorcscence yield of solutions were made by AGEXO, CHIOZZOTTO
and QUBRZOLI [scc Phys. Rev. 79 (1950) 720].
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to gamma rays. Two of the most efficient systems were terphenyl in benzene
at 60° C and terphenyl in xylene at room temperature. The optimum concen-
trations were found to be:

(i) 2 g p-terphenyl in 100 cc benzene at 60° C.

(ii) 0-56 g p-terphenyl in 100 cc xylene at 20° C.

N.B. Difficulty is experienced in obtaining sulphur-free xylene which is
essential for good counting solutions. However, sulphur free toluene is readily
obtained and gives comparable performance with p-terphenyl as solute.

The efficiencies of these solutions were the same as that of a naphthalene
crystals for Co® gamma rays. Other measurements?’ give their scintillation
pulse magnitudes as 0-4 of those for anthracene when a 5819 type multiplier
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Fig. 5. Variation of scintillation efficiency of xyvlene Fig. 6 Variation of scintillation efficiency of
with concentration of anthracene solute. xylene with concentration of terphenyl solute.

is used. Other studies in the same year due to KALLMANN 48 showed that solu-
tions of carbazole, phenanthren or fluorene in toluene or xylene responded to
particle or y ray excitation and that this response was sometimes improved
by addition of paraffin to the solutions. These studies show the need for
extremely high standards of purity of the materials used. Luminescence
processes in solutions are very easily quenched by the presence of very minute
amounts of contaminants.

In recent papers KaALLMANN and FUrsT#®, have made a systematic study
of liquid solutions as counters and have given full discussion of the mechanisms
involved which we discuss later. In their first paper they study the variation
of counting efficiency with concentration of solute and with concentration of
a second solvent. Some of their results are given in Figs. 5 and 6 for anthra-
cene in xylene and terphenyl in xylene. Adding 2-5 ce/litre of paraffin to
a solution of 8 g/l of anthracene in xylene causes its efficiency for y rays to
increase by a factor of two whereas the addition of paraffin oil to a much
more efficient system such as terphenyl in xylene always has a deleterious
effect. Further experiments on mixed solvents and also solutes are described
in a second paper by these authors. These studies are discussed in a later
section.

The decay time of luminescence in terphenyl-xylene solutions has been
investigated by PosT3. For the saturated solution the rise of luminescence
takes about 2 10-? secs while the mean decay time is estimated to be 6-10 x
107 secs. Spectral emission measurements and pulse height comparisans have
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been made by HarrisoN and REYNoLDS®.. The emission for terphenyl is in
bands between 3200 and 4000 A with a maximum in the region of 3600 A.
The efficiency of the saturated solution of terphenyl in xylene is only 35%
that of an anthracene crystal when a glass envelope, 1P21 photomultiplier is
used but is 65% of the value for anthracene when an ultra violet sensitive
1P28 multiplier is used. The response of these liquids to various particles and
to radiation are discussed in Section 4.

(ii) Plastics

MacInTYRE® investigated the response of polystyrene as a scintillation counter
and gave the rise time luminescence as about 4 x10®secs. Since then the
incorporation of fluorescent molecules into plastics has resulted in much more
efficient systems. ScHORR and ToRNEYS5? investigated various methods of
incorporating the fluorescent molecules such as mixing into the melt and
addition during polymerisation with and without catalysts. Of these the
incorporation of terphenyl in polystyrene during polymerisation with 1%
benzoil peroxide present as catalyst yielded the best product. We give in
Table 4 results for studies of the response for specimens of these materials
5mm thick to various types of radiation when used with different photo-
multipliers®2. The efficiencies are expressed as ratio of output pulse magnitudes
for a stilbene crystal to that of the plastic.

More recently Koskr® has investigated plastics such as lucite (perspex),
paraplex and polystyrene containing anthracene. Whilst lucite and paraplex
give poor results a solution of 2% anthracene or stilbene in polystyrene gives
a product with a scintillation efficiency for Co® rays equivalent to that of
a single crystal of the solute molecules, but with slight differences in emission
spectra. PICHAT and KoECHLIN % have reported studies on polystyrene contain-
ing tetraphenyl-butadiene a 2% solution, the solute being mixed in before
polymerisation is more efficient that solutions of terphenyl in xylene. They
found that from 1% solid solution up to pure tetraphenyl-butadiene the mean in-
tensity of the scintillations increases as the logarithm of the solute concentration.

3. TaE PropucTION OF LARGE CRYSTALS FOR SCINTILLATION COUNTERS
Many of the present day methods for growing large single crystals have been
described in a recent book by BUCKLEYS5® together with current theories of
crystal growth and habit. In this section we shall be concerned with methods
applicable to the various types of luminescent crystals described in the previous
section. In all these methods BUCKLEY’s words are applicable ¢ It should be
remembered that in the preparation of large clear crystals, the touch of the
artist is about as important as the application of established scientific prin-
ciples.”” In almost all of the methods crystallisation occurs from the melt
but the first method below and two or three later ones are exceptions.

(a) Qrowth of cadmium and zinc sulphide crystals
We first describe the method developed by FrErICHS®. A diagram of his
apparatus is given in Fig. 7. Cadmium metal contained in a small porcelain
boat is placed in the cylindrical silica muffle of a furnace F. A stream of
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hydrogen enters at one end of the muffle and a stream of hydrogen sulphide
near to the boat. The gases pass out and are safely burnt or conducted away
at the other end of the muffle. The muffle is heated by the furnace to 800 or
1000° C and then allowed to cool slowly. The gas stream reacts with the cad-
mium and at a certain stage of the cooling crystals of cadmium sulphide grow
on the wall of the muffle. Their dimensions, limited by the size of muffle, are
usually 210 or 20 X 0-1-0-2 mm and the best are flat and clear. They have
the hexagonal structure. The method has been applied recently to produce
single crystals of luminescent zinc sulphide (verbal comm. from I. BROSER).

Another method for production of zinc sulphide crystals is described by
Revy~oLps and Czyzak2?. Crystals were grown by heating zinc sulphide
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Fig. 7. Fig.8.
Fig. 7. FRERICH'S apparatus for growing CdS crystals.

Fig. 8. Apparatus for deposition of ZnS8 films on glass. F furnace; @ glass disc; M glass tube; Zn zinc in
porcelain boat.

N

precipitate in an atmosphere of hydrogen sulphide in sealed tubes at 1150° C.
The sizes obtained were 2x2Xx 10 mm and some specimens showed a blue
luminescence.

STUpER, CusaNo and Youne 2 describe methods of depositing transparent,
luminescent layers of zinc sulphide on glass. Their first arrangement is shown
in Fig. 8. A stream of H,S vapour (to be completed) passes through a glass
tube held in a furnace at 400-600° C. The tube contains a small boat of zinc
and above it a well cleaned glass disc. An appropriate activator impurity salt
is mixed with the zinc. Zinc sulphide is formed and deposits on the glass disc
as a transparent luminescent layer. Thicknesses up to 1 p have been obtained
in this way. In the second method these workers evaporate layers of zinc
fluoride on to glass discs and then transform them to zinc sulphide layers by
heating in a stream of hydrogen sulphide at 500° C. These films only have
about half the luminescence efficiency of those made by the first method.

(b) Synthetic halide crystals
Large crystals of many of the alkali halides have been available commercially
for a long time. One of the methods used was described by KYroroLOUS as
early as 1926%. Tt is applicable to thallium activated sodium and potassium
iodides. Its essential features are shown in Fig. 9. A furnaco contains a plat-
inum crucible in which the halide is melted. Dipping into the melt is a plat-
inum tipped rod which is hollow and is cooled by an internal air stream.
Crystals grow on the cooled rod and this is then raised from the melt as shown
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(b) s0 that only one of the seed crystals remains in contact with the melt. By
control of the furnace temperature a much larger crystal is grown on this seed
crystal. For very large crystals the seed crystal is clamped to the cooling
rod by a set screw arrangement. MENz1ES and SKINNER® have developed
a similar method for larger crystals. After growth the cooling process
must be slowed up to ensure
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Fig. 9. (a) Method of KYROPOULOS; (b) Ar-  Fig.10. STOCKBARGER's arrangement for LIF crystals grown
rangement for seeding melt (KYROPOULOS). at atmospheric pressure.

A somewhat different method for halide crystals has been developed by
STOCKBARGER® as illustrated by Fig. 10 for growing lithium fluoride and also
calcium fluoride crystals. The furnace is in two parts with a temperaturo
baffle between the two. The upper one is at a higher tomperature than the
lower one and the temperature gradient at the baffle is quite sharp. The
platinum crucible containing the melt is slowly lowered from the upper funace
compartment into the lower the temperature falling through the melting point
between the two. The crucible has a conical bottom and beneath, a metal
supporting rod. By this method crystals of fluorite several inches in diameter
and as many long have been obtained.

(c) Tungstate and sapphire crystals
In 1902 VERNEUIL® disclosed a method of producing large crystals of sapphire
and ruby which is used commercially at the presont time. A sketch of the
apparatus is shown in Fig. 11. The essential procedure is to feed a fine stream

5 DProgress in Nuclear Physics, Vol. 2 65
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of the powdered material to be synthesised into a crystal into an inverted
oxyhydrogen blow pipe which plays on an alumina rod and builds the crystal
on it. The powder is shaken at controlled intervals through a fine sieve B and
is carried by the oxygen stream into
the burner N, the hydrogen entering
at lower place (P). The blow pipe
nozzle terminates in a furnace chamber

Inert gas

Glass envelope

Fig. 12. Glass vessel used in STOCKBARGER type
funace for growing hvdrocarbon crystals,

Fig.11. VERNEUIL’s apparatus for growth of large  Fig 18. ZERF0ss method for growing hydrocarbon
corundum crystals. crystals®®. Ffurnace; H ‘heat shield’’; I poor in-
sulation layer; 7 thermometer; C crystal vessel.

T in which is mounted vertically a sintered alumina rod. A cone of the sintered
powder builds up on the rod and its tip approaches the hottest part of the
flame. Here it melts and spreads out the, incoming powder building up a
spherical surface. The alumina rod is gradually lowered and a boule of crystal
builds up.
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This method has been applied to the growing of synthetic scheelite crystals
many cm long which have identical scintillation characteristics to the natural
mineral®. The method might be tried for the production of synthetic crystals
of lead activated barium sulphate.

(d) Growth of hydrocarbon crystals

Two different methods for production of large crystals of such organic solids
as naphthalene, anthracene and stilbene have proved successful®. 63, One of
them is a simple adaptation of the STocKBARGER method already described.
The material is sealed off in a glass vessel of cross section as shown in Fig.12.
The long capillary at the bottom is used to provide initial seeding of the melt
by initially lowering it into the bottom half of the SToCKBARGER furnace.
The vessel is lowered at a rate of about 2 inches per day. Glass tubes through
the whole furnace act as guides. Large clear crystals several cm in diameter
and 5-10 ecm long have been made by this process.

Some workers®2 have used a rather different furnace and a fixed vessel for
the melt as shown in Fig.13. The furnace is arranged with a poor thermal
insulation as its base so that a temperature gradient exists along its vertical
direction. The temperature is taken well above the melting point and then
the whole is slowly cooled. Obviously crystal growth begins from the bottom
as before. This method avoids the lowering system of the above method but
apparently gives similar crystal products.

The second method is essentially based on a method developed by STGBER®
for crystals having a unique crystallographic axis and anisotropic properties
and has been successfully used at A.E.R.E., Harwell, and by the writer for
large naphthalene crystals. A thermostated oil bath has beakers of naphthalene
suspended in it so that when the latter is melted its surface is at the same level
as the oil surface. The bath is then slowly cooled through the melting point
of the naphthalene and a single crystal grows downwards from the surface
of the melt. A glass rod annulus supported at a few millimetres below the
surface and of diameter just less than that of the inside of the beaker serves
to support the crystal when formed since it would tend to sink. The heat flow is
in the opposite direction to that in STGBER'’S original method where the bottom
of the melt is cooled.

4. ENERGY MEASUREMENTS WITH SCINTILLATION COUNTERS

(a) Response of scintillators to different radiations

One of the possible uses for scintillation counters is the proportional counting
of particles and high energy radiation. Provided that the radiation incident
on the detector is completely absorbed, a scintillation light output proportional
to or having a simple relation to the absorbed energy is expected. The organic
crystals show significant deviations from such proportional response as shown
below. In this section we consider the response of crystals to particles and to
X-rays and gamma rays and indicate some of the practical success obtained
in using these crystals as energy spectrometers.
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(b) Detection
of charged particles
The first demonstration of the
scintillation counter as a pro-
portional detector for alpha
particlos was given by KaLw-
MAN®® using a cadmium sul-
phide crystal. Fig. 14 shows his
“integral” and ““differential ”’
bias curves for the crystal
bombarded by alpha particles
from polonium. Fig.15 gives
similar results obtained by
bombardment of a small single
crystal of scheelite by 5Mev
alpha particles®. Following
this, “differcntial’’ bias curves
showing pulse size distribu-
tions for scintillations due to
homogeneous alpha particles
bombarding different crystals
were given by Harping, Fro-
WERS and EPPSTEIN®. Their
results are given in Fig. 16
for sodium iodide activated by
thallium, anthracene, stilbene
and naphthalene crystals. The
spread in thoe pulse distribu-
tions shown by these curves is
known from later experiments
in the writers, laboratory to
be due almost entirely to statis-
tical fluctuations in the photo-
multiplier. The latter are due
to the fact that for the abovo
curves only about 400 photo-
electrons are produced at the
multiplier cathode perscintilla.-
tion giving a statistical dovia-
tion in the pulse output size
of 10%. The curves of Fig.16
emphasize the lack of linear
response to heavy particles

shown by organic crystals. Similar departures from linearity are shown by
organic liquids and plastics. The cause appears to be the donsity of ionisation
and the effect has been studied by several workers®-72,
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TAYLOR et coll.™ have
investigated theresponse
of crystals to different
particles and particle
energies and their results
for anthracene are given
in Fig. 17. Similar curves
are obtained for other
organic crystals while
thallium activated sod-
ium iodide gives linear
Tesponse Over u Very
wide energy range as
shown by Fig 18. Since
the non-linear effects are
dopendent on ionisation
density they are not
80 noticeable, except at
relatively low energies,
when electronsexcite the
organic crystals. Fig.19
gives curves for differ-
ent crystals using elec-
trons of energies up to
600kev?2, The non-linear
response is only notice-
able for anthracene and
stilbene when the clec-
tron energy is less than
100 kev whereas it is
noticeable for alpha par-
ticle excitation up to
encrgies of 10 Mev.
Response of crystals to
cloctrons has also been
investigated by Hovr-
STADTER et coll.™, by
KoLLER and ALDEN 74 for
thin evaporated layers
of luminescent zine sul-
phide and by Hopkins?s
for anthracene crystals.
Fig.20 shows the pulse
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Fig 17. Response of anthracene to molecular hydrogen fons, deuterons,
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size distributions obtained by FrRaNzEN, PEELLE and SHERR®® using scintilla-
tion counters to detect protons of 164 Mev energy. Because of the larger
particle energy and consequently greater scintillation intensity the curves
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are much sharper than those of previous figures. The pulse distributions
obtainable for monoenergetic electrons from a B-ray spectrometer are shown
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Fig. 20. Pulse distributions for 16 4-Mev protons

bombarding various crystals.

in Fig. 21 for an anthracene crystal.
KorLLEr and ALDEN%, studying
the response of evaporated zinc
sulphide layers to electrons over
an energy range of 240 kv find
a linear relation between electron
energy and light output provided
that the range of the primary elec-
trons is less than the layer thick-
ness. It is of theoretical interest
that they find 90% of the electron
energy to be expended in a layer
whose thickness equals half the
range.

(c) Detection of neutrons
Both crystalline and liquid scintil-
lators have been applied to neutron
detection. In 1948 BELLS reported
that anthracene exposed to neu-
trons from a PoBe source gave
scintillation pulses twice the mag-
nitude of those from Co%® gamma

rays. He used a 1 cm thick crystal and estimated that 10% of the neutrons
incident on the crystal were counted. Using lithium fluoride FARMER, MOORE
and GooDMANZ obtained counting officiencies of about 10% for thermal
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Fig. 21. Pulse distributions for monoenergetic electrons

bombarding anthracene.

, neutrons.

HArDING™ has used
anthracene land a suspension of
thallium activated potassiumiodide
in «-bromonaphthalene for fast
neutron detection., The latter
not only provides a hydrogenous
medium in which ‘“knock-on”
protons are produced but also has
the same refractive index as the
phosphor particles. This enables
the emitted light to be efficiently
collected system. Bias curves for
equal fluxes of fast neutrons
(2:56 Mev) and for gamma rays
(2-62 Mev) are given in Fig. 22.

Other workers have used scintillating liquids as neutron detectors?.

Fig. 23 gives bias curves for fast neutrons of different energies exciting a
terphenyl-xylene solution in a 1in. X 1} in. diam. glass cell. Also included
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for 14 Mev noutrons is the theoretical curve assuming oue isotropically distrib-
uted collision per neutron entering the solution. Counting efficiencies of
5-10% are obtained for this arrangement. The use of longer cells does not
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Fig. 22. (a) Relative counting-rates in anthracene for equal fluxes of 2-5-Mev neutrons and 2 62-Mev y-rays.
(b) Relative counting-rates in potassium iodide activated with thallium + a-bromonaphthalene for equal

fluxes of 2 5-Mev neutrons and 2:62-Mev y-rays.

seem to have any advantage. The chief disadvantage of the scintillation
counter for neutrons is its disproportionately high sensitivity to y rays.

Harpings’ arrangement using
potassium iodide dispersed in
a-bromonaphthalene appears
to possess the best discrimina-
tion against gamma rays as
shown by comparison of
Figs. 22(a) and 22(b). Ref-
erence may also be made to
other reports not considered
here which are concerned with
the detection of neutrons by
scintillation counters?-82,

(d) Detection of cosmic
ray particles
The application of scintillation
counters to cosmic ray detec-
tion demands the use of large
volumes of detector. Crystals
of naphthalene activated by
anthracene have been grown
for this purpose up to 8in.
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¥ig. 23. Bias curves for neutrons of different energics

bombarding terphenyl-in-xylene solution.

diameter and } in. thick®. To colloct the light efficiently the crystal was
mounted in an integrating hemisphere of special design. Other workers® have
investigated various phosphors for cosmic ray detection and relative pulse
sizos for single cosmic rays entering the phosphor layers (11 em diam. ;< 0-5 cm
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thick) are given in Table 58, Measurements of the pulse heights for p.-mesons
exciting an anthracene crystal (1}in. x 1}in. diam.) have been made by
Roser and BoweN®s for energy ranges 29-48 and 48- 170 Mev. Proportional
response of the crystal to p-mesons over these ranges is indicated by the
results with deviations of less than 5%.

KravusHAAR, THoMAs and HENRI have dotected 7-p meson decay using
a seintillation counter® while the pulse distribution for cosmic rays in anthra-
cene at 30,000 fect has been measured by REIFFEL, STONE and REST®. A solu-
tion of pyrenc in xylenc has been successfully used by NEY and THoN®S,

(e) Detection of fission fragments

Fission fragments should be easily detected by the scintillation counter.
Brosgr and KarLLMaNN®® have used a ZnS-Ag phosphor and have obtained
pulses 3 X those for uranium o particles but
2] with detection efficiencies of only 3% for the
//\ 60-90 Mev fragments from U323,

Counting rate
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Fig. 24. Distribution of pulses from a Fig 25. Integral bias curves for gamma rays ot different energies.

well-collimated source of Na® p-rays Curves plotted to correspond to the same number of secondaries

showing the resolution of the 1-4- and  produced in the phosphor in ecach case (from I{OLMES, 1949).
2:8-Mev y-rays.

(f) Measurement of gamma ray energies

Many investigations of nuclear decay and emission involving detection of
gamma rays have now been mado using the scintillation counter. In this
section we shall only make reforence to the studies which indicate the best
methods of using such counters for gamma ray spectroscopy. When gamma
rays enter the scintillating medium they may losoc their energy by three difforent
processos as follows:

(i) by Compton encounters;
(ii) by photoelectric conversion;
(iii) by pair production.
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(i) Compton encounters

In Compton encounters the gamma ray only loses part of its energy in a single
collision and unless the scintillating crystal or liquid has large volume the

gamma ray energy will not
be completely absorbed in
it. The theorctical aspects
of such encounters in a
scintillator have been con-
sidered by SE1TZ and MUEL-
LER®. To use Compton en-
counters as an indication of
gamma ray encrgies large
crystals of naphthalene acti-
vated with anthracene have
been used by CAVANAGH™
and his pulse distribution
for well collimated gamma
rays from Na?! is shown in
Fig.24. Where it is essential
to combine energy resolu-
tion with short resolving
times this method would
seem desirable. The usc
of smaller crystals is a dis-
advantage when the radia-
tion includes gamma rays
of different energies but for
homogeneous gamma rays
the smaller crystals, in
which only one Compton
encounter is likely, are
quite useful. Fig. 25 shows
plots of log (counting rate)
vs. discriminator bias for
different gamma ray sour-
ces. Approximately straight
lines are obtained at the
higher discriminator set-
tings whose slopes are pro-
portional to the gamma ray
energy.

Horsraprer and McIN-
TYRE 2 have used two Nal-
Tl erystals in a coincidence
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system in order to obtain energy discrimination using Compton encounters.
The primary gamma rays are scattered by one crystal and those scattered

73



LUMINESCENT MATERIALS FOR SCINTILLATION COUNTERS

at a definite angle, ¢.e. which have lost a definite energy, are detected by
a second crystal. By counting coincidences very high energy resolution can
be obtained but at the expense of counting efficiency.

(ii) Photoelectric conversion

When gamma ray energies of less
than 1Mev are to be measured
the photoelectric conversion pro-
B cess may be utilised. The prob-
hd| | ability of this process increases
\\ as the gamma ray energy de-
it creases and with the increase of
elements of high atomic number
in the scintillator. For this reason

”I

——

Counts/sec

5 K4 »orays of Th the relatively dense crystals of
< '%’0 — - thallium activated sodium iodide
l}“’?’{, 763Mev and calcium tungstate are suitable
I RLa. At although the long decay time of
- | N RU — | Iuminescence in the latter is a
i AM/MMM__’ He\c \ 1 ___ | scrious disadvantage. Since the
: "7% gamma ray energy is lost com-
L. _] pletely in the process and if the
\ 2 76 Mev o s
\ \ p\ ‘ photoelectrons remain in the cry-
70° W - stal the system should behave
Pair pmz/ucl.'a}’ \ . .
- with escape of proportionally. To avoid too much
i anmibilation_\ _| background due to Compton en-
i radation \ counters a ““thin *’ crystal is used.
| Fig. 26 shows the pulse distribu-
\ tions obtained by BELCHER® for a
07k scheelite crystal (0-124 gm) for Co%°
- gamma rays. The letters C and P

) 2.
b 00 W0 60 s 7o v mw indicate peaks due to Compton

Pulse height and photoelectric encounters

Fig. 28, Pulse distribution for thorium and Na¢ rays bom- respectivelv. BELCHER reports
barding NaI-TI crystal showing pair production peaks etc. pe y . P.
poorer resolution for a pota,ssmm

iodide crystal, to be expected since its density is only about one half that of
scheelite. ¥ig.27 shows the pulse distribution for gamma rays from neutron
activated Aul® obtained with a 1 cm cube of Nal-Tl crystal as detector®.

(iii) Pair production

As we have seen the Compton encounter is the predominant process in organic
crystals at medium gamma ray energies, (~1 Mev). To measure lower energies
it is usual to use inorganic crystals and utilise the photoelectric effect. At
energies above 1 Mev pair production will occur and since the gamma ray
energy is completely absorbed in this process it affords a means of measuring
energies above this limit. When the positron is annihilated the two photons
(0-611 Mev) may escape from the crystal but if they are absorbed then they
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give rise to a peak in the measured distribution. Fig. 28 shows the distribution
for the gamma rays of Na? and of thorium and its products as obtained by
BeLL® using a Nal-TI crystal. The 262 Mev gamma ray of ThC" gives three
peaks, one at 2:62 Mev being due to photoelectric conversion, with absorption
of the X-ray from the iodine and to pair production with complete absorption
of both annihilation photons. The low peak is for pair production with escape
of both photons produced by annihilation. Between these two peaks a multiple
peak occurs which seems due to pair production with capture of onc photon
plus a distribution due to Compton encounters. A similar but somewhat more
complicated distribution is given for the gamma ray emission of Na2.
When energies exceed 7 Mev the

lower pair production peak is predo- 2 a N
minant, and this method of detection e / \
might be useful for detection and y N
energy measurement in this region.  » / \

[*S

(g) X-ray measurements

As an example of the use of scintilla-

Intensity
Y

tion counters for X-ray detection b

we may cite the work of WEsT, nr \

MeyverHOF and HoOFSTADTER™ (al- ” a2k

though KALLMANN was able to detect }\ Aose \\

X-raysin hisearly experiment). The 5 3

above workers used small crystals \ _ -

of thallium activated sodium iodide ’ 20 w8 w0 v m
backed with a thin aluminium re- Pulse herght

. . Fig. 29 (a) Pulse height distribution due to 8-kev
flector and investigated the response jjorescent X-rays from Cu (1 5-volt channel width).

to X-rays from 5-80 kev energy. (b) Pulse height :’;‘;‘;“g;‘:_‘;’: m‘:l‘;;’h:: 2kev Xerays and
They found that 100% counting
could be achicved over this range and from 50-80% counting for 2 kev X-rays.
Fig.29 shows their pulse distributions obtained from 8 kev and from 2 kev
X-rays respectively and also that from the photomultiplier noise. Statistical
spread in pulse size is of course much larger in these low energy regions
than in those for gamma rays shown in Fig. 27.

Powder type phosphors such as ZnS-Ag or BaSO,-Pb function efficiently
as X-ray detectors but are obviously not suitable for X-ray energy measure-
ment.

(h) Miscellaneous
In this section we consider two important factors in the use of the scintillation
counter that arise in the luminescent detector. The first is the transmission
of emitted light from the crystal, liquid or plastic to the photomultiplier
cathode. When crystals have high refractive indices the critical angle is small
and it is difficult to get the light out of the crystal. To minimise this difficulty
the crystal is attached to the multiplier window or to light piping of perspex
or quartz by a medium of intermediate refractive index. In using media such
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as paraffin, canada balsam etc. care has to be taken that they do not absorb
the emitted light. The problem of light collection from crystals has been
considered by SHURCLIFF and JONES®.

A further point to be considered when using scintillators is the presence of
multiple counting. This can arise from amplifier characteristics but it may
also be due to the relation of these to the decay time of the luminescent material.
Since the decay is a random process (see next section), when a small number

of luminescence centres are excited then

Fig. 30. Decay of single seintillation  U1® intensity of a scintillation decreases

from scheelite crystal (HOLMEs, with time as shown in Fig. 30 for a

Fham. 1040). scheelite crystal®s, If the amplifier time

constant is too short compared with the
decay time of the luminescence then a
photon or groups of photons emitted later
in the decay may register as an additional
count. This and other problems have
2psec »| been investigated recently by BELCHER®.

Intensily

5. FUNDAMENTAL MECHANISMS IN SCINTILLATION CRYSTALS
(a) Inorganic crystals
(i) Conditions for luminescence emission

When energy is absorbed by a solid it may be dissipated in the following
ways:

(a) All the energy may be used to increase the thermal vibrations of the
constituent atoms.

(b) Some energy may be used in photochemical changes.
(c) Photoelectrons may be emitted.
(d) The energy may be re-radiated as luminescence.

(e) In some cases, particularly when heavy pariicles bombard solids,
energy is partly used in disordering the structure of the solid.

Here we are first of all concerned with the atomic conditions which give rise
to emission of the absorbed energy as luminescence and secondly with the
other modes of energy loss which obviously affect the intrinsic luminescence
officiency. To obtain luminescence it is generally accepted that a solid must
contain atomic or molecular groups in which electronic transitions take place
(with resulting luminescence emission) which are protected from interactions
with the surrounding material. Such systems are usually called luminescence
centres. The potential configurations of such centres have been suggested by
voN HrppeL?8 and by SErTz® and are based on the known configurations for
diatomic and simple polyatomic mclecules. BowEN1% discusses their applica-
tion to the study of luminescence in organic molecules. Fig. 31 shows the
potential energy of a normal and excited luminescence centre plotted against
some configurational co-ordinate z; in the case of a diatomic molecule z is the
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separation of the atomic nuclei. All electronic transitions are represented by
vertical lines. In the normal state the transition 441, absorption of a photon,
raises the electron to the excited state this being followed by & fall of the elec-
tron to the minimum of the state and conscquent thermal dissipation of excess
energy. Luminescence is due to the return transition BB! and further thermal
loss of energy occurs to reach the state A. Unless the minima are in a vertical
line the luminescence quantum will always be less than that absorbed and so
although the quantum efficiency can rcach unity the absolute energy con-
version efficiency will in general be less than unity. If the two curves come
close together as shown then at sufficiently high temperatures the excited

£
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100 300 500 700
z Temperature
Fig. 31. Potential energy contigurations Fig 82. Zuminescence efficlency vs. temperature for Mn*+
for a luminescence centre. centres in ZnS phosphor. Excitation by 4358 A radiation.

centre return to its normal state by a series of vibrational interactions with
its surroundings, following the path CC!B!4. In this case no luminescence
occurs. Thus we may expect the luminescence efficiency to depend on the
relative probabilities of electronic transitions or vibrational transitions. If
the first process has a probability « and the second a probability  [where 8 =
const. exp (—E/k T')], E being the energy difference between B and C of Fig.31
then the luminescence efficiency # follows the relation:
o
M= oF yexp(— EjkT)

y being another constant. Fig. 32 shows the experimentally obtained curve
of efficiency vs. temperature for oxcitation of the luminescent centres formed
by Mn** ions as impurity in zinc sulphide!®.

The structure of the luminescence centres in inorganic crystals used in
scintillation counters is of the greatost interest here. In the zinc and cadmium
sulphides the silver impurity ions form these contres when combined in a com-
plex with halogen ions included in preparation!®. The detailed structure of
these centres is not known as yet. In thallium activated alkali halides investiga-
tions by SErrz!® indicate that pairs of thallous ions form the emitting
centres. In calcium tungstate and in zinc oxide the excess of one constituent
gives rise to suitable centres'%s, Excess WO, ions form centres in scheelite and
cxcess Zn atoms in zinc oxide. In pure lithium and calcium fluorides and
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sapphire it is not certain what the luminescence centres are but in blue
luminescent diamonds it is thought that the omission occurs at sites in the
lattice where a carbon atom is missing?%4.

(ii) Energy transfer in crystal phosphors
In using phosphors as scintillators we are never concerned with absorption
and emission processes entirely confined to the luminescence centres. The
exciting radiation is absorbed in the bulk material and considerable ionisation
occurs. Since phosphors show conversion efficiencies for alpha particles of
the order of 20% we have to enquire how the energy absorbed is transferred
c from the matrix lattice atoms to the
- 3 specific centres where emission occurs.
—~ 7~ To do this we make use of the
™~ modern picture of the energy states
of electrons in crystal lattices which
was originally developed by BrLocu10®
and specifically applied to phosphors
by R1exL and ScEHON1% and by JoHN-
soN10?, This model has since been
modified by several workers to explain
the more detailed characteristics of
phosphors. In an isolated atom the
electron energy states are sharp and

T .
Fig 33. Energy-level scheme for an impurity- discrete but when atoms are ammged
activated crystalline phosphor. C conduction band;  in close proximity on a perfect erystal
e o B o b e "N 2% Jattice their mutual interaction por-
turbs the electron states which split
into many levels forming sets of quasi continuous encrgy bands which
extend throughout the crystal lattice. The bands are broader and the gaps
between them narrower for outer electrons since these are most perturbed.
The final processes involved in luminescence are essentially confined to the
valence or outer electrons and in Fig. 33 we give the energy band system for
these electrons in insulating crystal. For such crystals the highest occupied
energy band is completely filled the next band of allowed energies above being
empty. Defects and impurity atoms or excess lattice constituents give rise
to rather more discrete levels which are also localised at the defect or impurity
atom in the lattice. Fig. 33 includes such levels showing how the energy states
of a luminescence centre lie in the normally forbidden region between the filled
and empty energy bands. Defects and sometimes impurity atoms can give
rise to levels for electrons just below the empty band which play a part in
phosphorescence and in thermal dissipation of the absorbed energy since they
can trap electrons which have been raised into the empty band above. The
process of excitation of the crystal by high energy particles can be described
thus in terms of such a model.

The bombarding particle produces a large number of ionised particles along
its track by exciting them from lattice atoms or ions. Most of these electrons
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will come from energy lovels bolow that of the valence electron band. After
these electrons have produced further ionisation and the rosulting secondary
electrons have continued the cascade process a stage is reached where numbers
of electrons of relatively small energies remain in the empty band of Fig.33
and the levels below the valence band have been reoccupied. Vacancies in
the valence band behave like positively charged electrons in an applied field
and so are known as “positive holes”. These holes capture electrons from the
ground states of the laminescence emission centres and also from filled trapping
levels!®. Then electrons in the empty conduction band can combine with
empty luminescence centres or be captured in trapping states. Both processes
provide a means for the electrons to return to their normal ground states but
the combination with luminescence centres results in emission of the electron
energy in its transition to the ground state whereas transitions of trapped
electrons to combine with positive holes in the valence band will be non-
radiative at ordinary temperature. This is because the trapping centres are
not protected from thermal interaction with the matrix lattice. It is fairly
obvious that provided a particle or gamma ray is completely stopped by the
crystal, the luminescence efficiency will depend on the relative numbers of
luminescence centres and non-radiative centres and on their respective capture
cross sections for electrons as well as on the intrinsic conversion efficiency for
the luminescence centres themselves as discussed above.

As yet no detailed studies are available to show whether the quantitative
theory of non-radiative transitions in tr~ps or defects proposed by ScHON1%8
is valid. However, we shall discuss below some relevant results in the considera-
tion of phosphor deterioration under bombardment. The above description
gives & brief outline of the mechanism of energy transfer in inorganic crystals
in which the transport is effocted both by excited electrons and their vacancies
or positive holes. We now have to consider the time effects involved in these
mechanisms which affect the practical application of these inorganic crystals.

(iii) Rise and decay of luminescence

The rise and decay of luminescence emission in inorganic phosphor crystals
will depend on the time delay between absorption of the exciting radiation
and the transfer of the energy to the luminescence centres and also on the
probability of radiative transitions within the luminescence centres themselves.
Studies of the dependence of the latter process on temperature and thus on
non-radiative energy degradation have been made by KRGGER et coll.1® We
have seen that the temperature dependence of emission is dependent on the
non-radiative transitions within the centre. The decay of luminescence is also
affected. If the transition probability for luminescence is p then it easy to
show that the emission I decays according to the relation :

I = Iyexp(—pt)

where I, is the initial intensity and I that at time ¢; when non-radiative
transitions are included it can be shown that this relation becomes:

T=Ioexp[ - (p + P) (]
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where 2’ is the probability of non-radiative transition and is given by p’ =
exp (—E/kT) above. Thus as the temperaturo is increased a value is reached
at which the rate of decay of luminescence p’ increases rapidly and the lumin-
escence efficiency decreases rapidly with temperature.

Such a dependence of decay rate and efficioncy on temperature is shown
by tungstate phosphors and the initial decay of thallium activated alkali
halides but in the case of zinc and cadmium sulphide crystals the decay
rate and efficiency are much more influenced by the time delay between ab-
sorption of energy and the capture of electrons in luminescence centres. Such
electrons may first be captured in the trapping states shown in Fig. 33 and
then escape by thermal activation to combine with empty luminescence
centres. A quantitative study of this process has been made by many different
workers during the last decade and reference should be made to literature
concerned with it 18, 110,111,186, The probability of the non-radiative transition
of trapped electrons to the valence band will also affect the delay time and so
the resulting decay of luminescence is of complex form and has a marked
dependence on temperature. It is very rarely of exponential form but usually
hyperbolic of the form:

I=1I,(14pt)™"
where p and n are constants. The distribution of trapping states in depth below
the conduction band will determine the length of afterglow of a phosphorti
and it is the trapping processes that cause the relatively long aftorglows of
the sulphide rhosphors and also the long afterglow of thallium activated
potassium iodide ccmpared with that of thallium activated sodium iodide.

(iv) Response and stability of imorganic crystals

The transport of energy in inorganic crystals usually involves the motion of
charged particles as described above, but in organic crystals, as we shall see
below, the presence of charged particles i.e. of high ionisation densities is
detrimental to the resonance transfer process which takes place. Thus as shown
above in Section 4, densely ionising particles give rise to a non lincar energy
response in organic crystals but in the inorganic crystals the intensity of the
scintillations is propotional to the energy absorbed and there is in general no
difference between the intrinsic efficiencies for alpha particles and gamma
ray excitation. We would expect this since the transfer process itself involves
ionised electrons.

In using erystals for scintillation counters we are always concerned with
their stability under bombardment. Inorganic crystals are most affected by
the heavier particles. A theoretical paper by SErrz!'? considers the relative
effects of difforent particles in disordering a crystal lattice compared with the
ionisation produced. We shall not consider his arguments here but it is clear
that the mass of the particle in relation to its charge will affect the amount
of energy lost in non-ionising collisions with tho lattice. Neutrons will thus
be most effective in disordering a lattice. The result of this disordering is to
produce more defects or trapping states in which non-radiative transitions to
the ground state can tako place. Thus prolonged bombardment of a phosphor
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crystal will not only destroy the luminescence contres by direot collisions but
will decrease the efficiency of energy transfer to the centres by disordering
of the matrix lattice. BROSER and WARMINSKY!!2 have recently published
studies of the offect of alpha particle bombardment on the luminescence effi-
ciency of cadmium sulphide crystals. The decrease in efficiency with alpha
particle dosage is not of the same form for luminescence due to alpha particle
and ultra violet light. They offer a quantitative theoretical treatment of the
different effects of bombardment when these different excitants are used
which is based on the ScHoN model of trapping states functioning as non-
radiative contres'®. It would be useful to have further extensive studies of
these deterioration processes in relation to the state of lattice disorder since
results might point the way to the production of erystals with much higher
conversion efficiencies.

(b) Luminescence processes in organic molecules
(i) Conditions for luminescence in organic molecules

In this section we are concerned with the procosses occurring in organic solids
and liquids used for scintillation counters. First of all it is useful to consider
the conditions necessary for luminescence to occur at all. Energy absorbed
by a molecule may appear as luminescence but it may be dissipated in other
ways such as by thermal degradation, collisional transfer to another molecule,
molecular dissociation or photochemical change. Space does not permit of
an extensive discussion of tlese proce:ses here and the reader is referred to
other literature for this. An excellent and component survey of fluorescence
in organic molecules in relation to thesc other processes has been given by
BowEen1%, It was thought for a long time that condensed ring structures were
favourable to luminescence in organic molecules but factors such as the arrange-
ment of conjugated double bonds seem to be more important. A good example
of the latter fuctor is seen in the series, dibenzyl, stilbene, tolane38. Again it is
possible to state in a general way that electron attracting groups in a molecule
decrease the likelihood of luminescence. An excellent example of this is the
decrease in fluorescence yield from ultra-violet excitation in the series fluor-
esceinl¢, (yield 80%) tetrabromofluorescein (20%), tetra-iodo-fluorescein
(20%) the increasing polarisability of the substituted halogen causing increased
localisation of the 7 electrons of the ring systems. Another general condition
for luminescence is that when a molecule is excited there should not be too
much coupling between the electronic and vibrational states of the molecule
or more simply that excitation does not cause any marked change in the
structure and stability of the molecule. The simplest molecules to satisfy those
conditions are those of the homologous series benzene. naphthalenc anthracene,
etc. (see Table 3). All these molecules have common features namely the
presence of conjugated double bonds and ring systems of non-localised electron
orbitals. Increase in the number of rings alters the energy states of these
electrons and thus the emission spectra as shown above by Fig.4. The presence
of electron attracting substitution groups (such as NO, or halogens) in the
rings will decrease the luminescence officiency while other groups will either

6 Progress in Nuclear Phvaics, Vol, 2 81
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enhance the efficiency or leave it unaltered. This point is illustrated by the
high luminescence efficiencies of such systems as dibonzyl, stilbene and
tolane®. In solid or liquid solution the luminescence officiency of such mole-
cules will be markedly affected by other solute molecules having high polaris-
ability. Hence the need for careful purification of materials for scintillation
crystals or liquids.

(i) The decay of luminescence

We have already seen that the organic scintillators are characterised by short
decay times. In cases where the decay is not markedly affected by temperature,
it is characteristic of a normal electronic transition depending on the mean life
time of the excited state of the particular molecule. Thus the luminescence
decay follows the exponential form given above. It can be deduced from the
breadth of the absorption bands of the molecule. The effective decay rate
may, however, be altered by a delay in the transfer of energy from its absorption
site to the luminescent molecule as discussed below.

(ii) Emergy transfer processes in orgamc crystals and liquids

In experiments carried out by BoweN and his collaborators4, 35 it was found
that the luminescence of naphthalene crystals containing anthracene impurity
excited by ultra violet light was predominantly that due to the anthracene
molecules even at very small concentrations of the latter. This phenomenon
had been first observed by BowEN™ in anthracene containing naphthacene
impurity. When such crystals are dissolved in benzene the effect disappears
and the luminescence of each constituent appears in proportion to its concen-
tration. Fig.34 shows the results obtained by BowrN, MickIEWICZ and
SmrrH® for different crystal systems. Similar effects are observed in naphtha.-
lene containing anthracene when y ray excitation is used as we have seen. Now
excitation by ultra violet or by gamma radiation involves absorption by the
matrix crystal and by the impurity molecules. If the molar concentration
of anthracene is only 0-1% then it absorbs only 0-1% of the total energy.
However, the observed luminescence emission is mainly characteristic of the
anthracene molecules and of very much greater intensity than would arise
from absorption in these molecules alone. We must therefore postulate an
efficient mechanism for transfer of the absorked energy from lattice absorption
sites to the fluorescent impurity molecules. BowEN 34 has suggested that an
“exciton” transfer occurs from one molecule of the lattice to another until
the “oxciton” is trapped at an impurity molecule where its energy can be
converted into a luminescence photon. In such a process there is no charge
transport as in transfer processes in inorganic crystals. In fact the presence
of free electrons may be deleterious since the resulting ionised molecules will
also trap the energy and dissipate it non-radiatively. BOWEN assumes that
for exciton transfer and trapping the fluorescent impurity molecules must
be capable of electronic transitions with lower quantum energy than those of
the lattice molecules. Thus after light absorption several different processes
may occur to dissipate the absorbed energy. First of all the matrix constituents
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themselves may emit luminescence or they may act as quenchers, dissipating
the energy thermally. Secondly exciton transfer of the energy through the
matrix to the impurity molecules may occur. If the latter are of suitable type
and concentration the energy may emitted as luminescence. Some impurities
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Fig. 34. Fluorescence efficiences of solid solutions of hydrocarbons.

may trap the energy and dissipate it non-radiatively or the fluorescent impurity
may be present in too high a concentration so that interaction between its
molecules occurs and results in quenching effects.These processes have been
considered by BowEN et coll.35 and later for solutions of fluorescent molecules
in organic liquids by KaLLMANN and Furst#. From measurements of absorp-
tion band areas the “life time” of the exciton process in anthracene crystals
has been estimated to be about 1078 secs and it does not seem to increase
markedly the interval between absorption and re-radiation of energy. In a
pure crystal the exciton is presumably trapped finally at mosaic boundaries,
crystal flaws and surfaces.
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Since, as we have seen, liquid solutions such as terphenyl in xylene have
efficiencies for y ray counting of the same order as for crystals, the luminescence
being characteristic of the solute which is present in small concentration, we
must assume & similar energy transfer process to that in crystals. In a com-
prehensive paper in 1950 KaLLman and FursT® gave results of experiments
on many different fluorescent solutions and also an extensive theoretical dis-
cussion. We shall attempt to give some of the relevant points from their paper.
They find that the scintillation efficiency of pure solvents such as benzene,
ether, hexane, paraffin, toluene and xylene is very small. This is because of
the high probability of an excited molecule meeting an unexcited one and the
consequent quenching of the emission (termed concentration quenching).

06 If impurity molecules are
& oo pres?nt then, as in the cry-
g% 4 stalline state, they may trap
S .
X008 the energy before quenching
3 can occur. Of course there is
E‘ 004 1 still the possibility of quench-

ing due to collision of the ex-
4 7

2 3 ¥ 5 6 7 & 9 W cited solute molecule wit
Parafin o added [\ of par a1l/\ of solution) ! m O Wit

solvent molecule or another
Fig. 85. Effect of adding paraftin oil to saturated solution of . :
carbazole in xyleno. unexcited solute molecule (in-

ternal quenching). Quench-
ing may also occur due to radiationless electron transitions from excited states
of the solute molecule to its ground state. Another fact to be borne in mind
in attempting a theoretical explanation of the solution characteristics is the
effect of a second solvent or second solute constituent as described in Section 2.
For example, dilution of solutions of carbazole or anthracene in xylene by
adding a considerable amount of paraffin oil does not affoct the light output
under a given excitation to any extent (as shown by Fig. 35). It is possible
that the action of the paraffin is to reduce the effective concentration of
anthracene molecules and so reduce internal quenching due to their inter-
action. This reduction offsets the effect of diluting the xylene which would
decrease the probability of resonance transfer from solvent to solute. Since
with terphenyl the internal quenching is much smaller than with anthracene,
the addition of paraffin to xylene solutions will have a deleterious effect on
the counting efficiency.

The probability that solute molecules will trap excitons will depend on
their concentration and so we would expect that for small concentrations
the luminescence efficiency in the solute emission bands would increase pro-
portionally with the solute concentration. This is found to be so in the case of
liquid solutions. Interaction of solute molecules, and resultant quenching
causes a saturation effect at higher concentrations as shown in Fig.34.

(iv) The response of organic materials to different exciting particles or radiation

‘We have seen that organic crystals and liquids are far less efficient for detection
of heavy particles than for electrons or y rays. This difference can be given
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a qualitative explanation in terms of the density of ionisation. Such particles
as protons and alpha particles have relatively high specific ionisations when
compared with beta particles of equivalent energy. The presence of ionised
molecules in crystalline or liquid solutions will hinder the exciton transfer
process between solvent and solute molecules. This deleterious effect will
obviously depend on the density of ionization. An interesting investigation?
referred to in Section4 can  ,,

be considered again here. . “7.”%5"{.),,,

If the differential light out- ;4| —%, ),

put dL/dE for heavy par- s 60 Profons
ticles and for eloctrons 7. | Yookes \\’-’;NL"

(L is light output, £ the 3 | Llectrons ™|

particle energy) is plotted o4 i =4 ) 7
against the energy loss per § - e
unit path in the medium 04

dE/d z (the latter is known 3

for protons and for elec- e N TR R Ry R R
trons) then for anthracene AE/AX [kev/mg cnl] 1 carbon

curves are obtained as in  Fig 36 Differential light output obtained as a function of the differ-

. ential energy loss. The electron and proton data were normalized
Flg.. 3.6‘ These curves do to the light output caused by the 624-kev Cs!s? electron.
not join when extrapolated,

which indicates that the ionisation density does not have a simple effect on
the energy transfer process. An alter:ative and perhaps more fundamental
treatment of results is to plot the specific luminescence d L/d z against d E/d x
the specific encrgy loss. More exhaustive ,
experiments are indicated in this respect ssf
on crystalline and liquid solutions. In ¢sf \‘\
the case of solutions of luminescent mole- I N
cules in plastics similar transfer processes i

to the above must exist. Quenching by

collision is not ruled out for solvent and t 02
solute molecules since thero is still a great £

7
degree of freedom for molecules in these * 01
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solids as shown by mecasurements of po- 0% - \
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(v) Deterioration processes in organic systems \

Particle or radiation bombardment of ¢%3 00 07 0=

crystals or solutions will always cause N

some disruption of the constituent mole-  Fi.37. Theoretical curve and experimental
R . . points for deterioration of anthracene crystal

cules and increase of disorder in the under particle bombardment. (I luminescence

system, particular in crystals. These !ntensity at d““}:t::’f:y")"“““‘ 1, initial

changes will decrease the counting effi-

ciency since they will obstruct the energy transfer processes. So far no exten-

sivo quantitative investigations of deterioration of organic crystals have been

made. Studies of the fall in luminescence of anthracene under prolonged
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exposure to o-particles have been made recently by Bimks® in Glasgow.
His theoretical curve and experimental points for the fall in intensity with
exposure is given in Fig. 37. The general form of this curve which is hyperbolic
is explained as follows. If N alpha particles have bombarded the crystal by
the time they have destroyed ¢,—g molecules, ¢ being the number un-
destroyed per cc, and g, the initial number per cc and each alpha particle has
a probability « of destroying a molecule it encounters, then the relation bet-
ween ¢ and N is given by:
_ 49 _ e
dN "~ g,
which by integration gives
g=¢,(1 +aN)™.

Since the scintillation intensity depends on the number of molecules still
emitting it will decrease as g. This seems to be the case experimentally. Simul-
tanoous study of the change in ultraviolet excited luminescence with particle
dosage would have furnished valuable information from a theoretical viewpoint.
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I. INTRODUCTION

Our knowledge of the neutron-proton interaction comes in the main from
two sources, the scattering of neutrons by protons and the properties of
the deuteron.

For neutron-proton scattering at energies below about 4 Mev, the DE
BroeLIE wavelength, 4, of the centre of mass motion, is large compared to
the range of the nuclear forces. Hence the nuclear interaction is cffective only
for states of zero orbital angular momentum, the S states. Experimentally
it is observed that the states of higher orbital angular momentum remain
undisturbed up to about 10 Mev.

The effect of the nuclear forces is to shift the phase of the asymptotic
form of the S wave. The scattering cross-section in the centre of mass system
is given by

o — 5% sin o (1)
where 0 is the phase shift and k = 23/2.

0 is a function of E, the energy of the incident neutron. The precise
nature of the function depends on the detailed form of the interaction potential
i.e. on its shape, range and depth. Thus a possible method of analysing
the low energy (below 10 Mev) scattering data is to assume an explicit poten-
tial, compute the thcoretical cross-sections and compare them with the
experimental values. Such a comparison involves much computation and
it turns out that the present experimental results are not sufficiently accurate
to distinguish between such differently shaped potentials as the square
well and the Yurawa well.

In view of this it has long been felt that a less detailed theoretical approach
might be more profitable. BrEIT and his collaborators! showed, in the
case of proton-proton scattering, that two parameters only are determined
by the low energy data. Therefore since all the wells usually assumed may
be specified by two parameters—width and depth, say—any reasonably
shaped potentinl can, by suitably choosing its width and depth, be made
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to give the observed cross-sections. Without using a specific interaction
potential, LoANDAU and SMORODINSKY? gave a semi-empirical formula for
the phase shift as a function of energy for p—p and n—p scattering. Later,
ScHWINGER? using & variational method obtained their results rigorously.

The present paper gives an account of this theory which is sometimes
known as the effective range theory. We do not adopt SCHWINGER’s approach
but instead follow BerHE¢ who has obtained ScHWINGER’S results by simpler
methods.

In the effective range theory the relation between the phase shift and
the energy is expressed as an expansion of the quantity % cot & in terms of
k? i.e. in terms of the energy since this is proportional to %2.

koobd =— 1 4 Lrgkt—Th 4.... @)
The merit of this expansion lies in the fact that for energies below 10 Mev
the term in k* and higher order terms are negligible, and so the relation
between d and ¥ is determined by two parameters, a and r,. It can be seen
that both quantities have the dimensions of length. a is known as the scatter-
ing length and 7, as the effective range.

The approximate relation

kootd=— | 4 rk? @)
is known as the shape-independent formula.

Any potential well that is specified by two parameters and that satisfies
one very mild condition can be made to give the observed values of @ and
7o- The condition is that the well must be such that the value of 7' and the
coefficionts of higher order terms in & are small. This restriction precludes
well shapes with very long tails but these are in any case ruled out by
WIGNER'S original argument based on the binding energies of H2 H3
and Hes.

For any particular well shape we can choosc its width and depth—these
terms will be defined precisely later—to give the observed values of @ and
7o- The value of 7', which depends upon the shape of the well, can then
be calculated. It might therefore he thought that measurements made at
higher energies when the 7'k* term becomes appreciable would distinguish
between different well shapes. However, this is not so because from 15-25 Mev
the 8 wave shift is almost 90° i.e. cot 9~ 0. The cross-section is given in
general by an . &n
w0 = e
and when cot é s 0, the k? cot? § term, which contains the shape dependent
parameter, is small compared with the ¥* term. In this energy range meas-
urements of the scattering cross-section just give the wavelength of the
neutron. At higher energies the scattering becomes very complicated.
Scattering for waves other than S waves begins to occur and effects duc
to tensor forces become appreciable.

g =
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We see then that we are restricted to energies below about 15 Mev, and
within this range, unless the cross-sections and energies are measured very
accurately, no information on potential shape can be obtained.

The neutron-proton system has two S states corresponding to spin one
(triplet interaction) and spin zero (singlet interaction). The scattering cross-
section is therefore given by

o, = 4,} (—i sin? ¢, -+ i— sin? 6,) 4)
where 0, and §, are the respective phase shifts of the triplet and singlet
states. Both g, and 8, may be written in the form of (2), each with its own
set of coefficients.

The values of a, and a, are obtained from very low energy (less than
10 ev) scattering experiments. At such energies the &2 term in (2) is negligible.
The binding energy of the deuteron together with a, gives 7y, for, as we show
later, the three quantities are simply related.

There is no bound state of the deuteron with spin zero; hence #,, cannot
be obtained in the same way. It can, however, be found by measuring o,.
Eqns. (3) and (4) show that g, is a known function of 4, @,, 7,, and r,,. Thus
since @, @, and r,, are known, 7,, may be calculated.

BeTHE and LoNGMIRE® have applied the effective range theory to the
photodisintegration of the deuteron. An account of their analysis is given
in Sect. IV. It is shown that the photoelectric disintegration of the deuteron
provides another means of estimating r,, . while the capture of slow neutrons
by protons—the process inverse to photodisintegration—gives another
value for r,,.

A brief account of low energy proton-proton scattering is given in Sect. V.
The effective range and scattering length of the p-p potential are com-
pared with the corresponding quantities in the n-p singlet interaction. (The
Paurr exclusion principle precludes a triplet interaction for protons in the
8 state.)

Tensor forces have been ignored throughout Sect.II to V which deal
only with low energy data. A summary of the results of high energy scattering
experiments is given in Sect. VI, together with an indication of how tensor
forces modify the results obtained in the previous sections.

In presenting the effective range theory in this article the author has
drawn largely upon the papers of BerHE4, BETHE and LoNGMIRE®, and
BrarT and JacksoN®. The reader is referred to these papers for more detailed
arguments and calculations.

II. ErrecTive Ranee THEORY
1. Definition of scattering length, a, and effective range, r,
Consider a neutron and a proton interacting under the influence of a spherically
symmetric potential U (r).
We employ the following notation.
E,= energy of the neutron in the laboratory system. In this system
the proton is at rest and the neutron moves with velocity v,.
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M = mass of proton = mass of neutron
u = reduced mass of the system = M/2
k, = wave number of the motion in the centre of mass system

Vi) =200,

The wave equation of the motion in the centre of mass system is
Ph+Bh—Vh=0. (®)

fy can be expanded in terms of LEGENDRE polynomials?.

i= mu(l)(r)
fr= ") PO(cos ) (6)
1=0
where u{®) satisfies
3
A T ™

We have dropped the superscript (0) that shows u, is an S wave function,
because all the scattering that we deal with in this paper is due to S waves.
The subscript will be used to distinguish different energies.

For a second energy, E,,

Uy kS uy— Vg = 0. (8)
Multiply (7) by u, and (8) by u,. Subtract and integrate. This gives

R
(e wi — wy w3 )5 = (K3 — k) [y uydr ©
o

where R is arbitrary.

We now introduce a function 4, which represents the asymptotic be-
haviour of u, outside the range of the nuclear forces. This function satisfies
(7) with V put equal to zero and may be written in the form

sin (ky r 4 6y)
= - _éilﬁl—— " (10)
It is convenient to normalise y, so that it equals unity at » = 0 — hence the
factor 1/sin 6,. The normalisation of y, determines that of u, since u, tends
to v, at large r. &, is the phase shift of the S wave at energy E,, relative
to the corresponding wave when V is everywhere zero.
v, and y, satisfy

R
[vevi— 01 92)% = (K —KD) [ 9, padr. (11)
0

Subtract (9) from (11) and let R be large compared with the range of V (r).

Consider the left hand side. At the upper limit R, 4, = y, and u, = y,
and therefore the contribution at this limit is zero. At the lower limit u, =
uy=0 for otherwise the wave functions f; and f, would be infinite at the
origin.
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On the right hand side the upper limit of integration may be extended
to infinity, again because u = y for large r.

We thus have

W1 ¥e— vapilr=o = (B3—EK}) [ (91 o — uy up) dr (12)
0
which with the aid of (10) becomes

ky cot 8y —ky cot & = (k2 —k2) [ (y, o —uy up) dr. (13)
0

We define a function g of the energies E,, E, by

(B Ey) =2 [ (pyy,—wyup) dr. (14)
0

As k tends to zero, k cot 4 tends to a constant which is denoted by — «.
Putting &, =0 in (13) and dropping the subscript 2, we have

kcotd =—a +14k20(0, E). (13)

This relation is exact.

(-}
Consider the integral [ (y,y,— u, u,) dr. The integrand will be dif-
0

ferent from zero only within the range of the nuclear forces, but within this
range k*<V and the functions » and y are thus only slightly dependent
on energy. Therefore o (0, F) is approximately equal to (0, 0).

The quantity (0, 0) is a constant of the potential and is independent
of the energy of the system. It is denoted by 7, and known as the effective
range, & rather misleading name because, as we shall see later. r, depends
not only on the range but also on the depth of the potential.

2(0,0) ==, = 2«'! (p—ud)dr. (18)
We show later that
0(0, E)—r,=0(k2rd). (17)

(15) may therefore be rewritten
kcot§ = —a + Lrgh® -L O(RY). (18)

The reciprocal of « is denoted by a and, like g, has the dimensions of
length. It is identical with the FERMI scattering length® as we now show.
Ferm1 originally defined his scattering length, ay, in the following way.
Consider a uniform beam of slow neutrons being scattered by a nucleus at
the origin. Since only the § wave is disturbed the scattered wave is spherically
symmetrical and at large distances from the nucleus the wave function may

be written ef¥2 — _“rL e'*7, The first term represents the incident wave and the

second the scattered wave. The scattering cross-section is given by

o =4ma}. (19)

93



THE NEUTRON-PROTON INTERACTION

But o is also given by

4 e 4n o
g = i3 sin? § = m_c&’b . (uO)
At zero energy keot 8 = —a == -—% and we have
c—4rxa?, (21)

Thus o and ap are equal numerically. The equality of sign follows from
equation (10) with k£ = 0.

2. Definition of intrinsic range and well-depth parameter
Let U(r) be any arbitrary potential function.

All potentials of the form % V (7/£), where 7 and & are independent of r,
are said to have the same shape. 7 is a measure of the depth of the well
and & is a measure of its range.

pd )
1 24
J.” " ’—’
""E’" a 0 r 7] R r
g. 1. Fig. 2.
7 |~ = Spp——— 7 e
Resonance -
=0 @ =oco
A r
¢ r ¢ | N
Fig. 3. Fig. 4.
Fig. 1-4. Zero energy wave functions. u,——; ¥,~-—, Range ot forces indicated by <.

It has been pointed out that the effective range depends on both the depth
and range of the potential. It is therefore convenient to define a new range
parameter, known as the intrinsic range, which is independent of the depth
of the well.

Consider the neutron-proton system at zero energy. When k is zero (10)

becomes
yo=14krcotd=1—ar. (22)

Thus y, is a straight line intercepting the r axis at r = 1/a = a.

Fig.1 shows u, and y, for a given potential U(r). In the case illustrated
o is negative. Now let us multiply U by a constant 7> 1. Within the range
of the nuclear forces the curvature of u, will increase and thus « will increase
algebraically (Fig. 2). If we steadily increase 7, « will continue to increase,
pass through zero (Fig.3), and become positive (Fig. 4).
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Denote the potential for which « is zero by U®)(r) and the corresponding
tg by u{®. 9{® == 1. U js known as a resonance potential because the
scattering cross-section for zero energy neutrons, given in general by

U:’E‘,

is infinite for this potential.
The intrinsic range of the original potential is defined to be the effective
range of U® (r). It is denoted by b. Thus

1 = b =2 [[1— @®)y]dr. (23)
0

It is clear from this definition of b that all potentials of the form

constant X U (r)

have the same intrinsic range.

There is an infinite set of values of % for which « is zero. U® is obtained
from the lowest value. The wave functions for the next lowest value are
shown in Fig. 5.

The quantity s, given by | ___Yo__

7 o
U(r) =s UR (), (24) /
is known as the well depth parameter P

Further insight into the significance of the reson- d
ance potential may be obtained by considering the wave
functions of the system for emergies other than zero.

When the energy is small and positive, y behaves
as @ sine function of long wavelength. For all positive ju5 o 2 5t so0ond rosn
values of the encrgy, y can be fitted smoothly to u  ance. we—; vy~ -
whatever the value of s.

For negative encrgics y is a function of the form e~*” and thus has a
negative slope. If the potential is deeper than the resonance potential
(§>1, a>0), p can be fitted smoothly to u for one value of ¥ only. But it
can be seen from Figs. 1-3 that whatever the value of yp, no fit is possible
when ¢ 4. 1(x = 0).

U

Range of forces

To sum up

U>UuB - s>1 a>0 | S==

. One bound state occurs

U<UR ' s<1 | a<0 Gy=0 No bound state possible

i

It has been assumed that s is not sufficiently large for u to possess nodes
within the range of the potential. This is correct for neutron-proton scattering
but may not be so when neutrons interact with complex nuclei. In such cases
more than one bound state may be possible and, even though s is greater
than unity, @ may be negative.
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3. Analytic form of potentials

The four well shapes most commonly assumed in the theory of the neutron-
proton interaction are

(1) Square well

—U=Wy r<ly R
=0 r>1lg } (258)
(2) Gaussian well .
- U= Wyexp(— ) (25G)
(3) Exponential well ¢
- U=Wgexp (- ) (25K)
(4) Yurawa well e
U= Y g (— - (25Y)

It may be pointed out that of these four potentials the Yurawa well is the
only one that has a theoretical basis. The other three are chosen for mathemat-
ical convenience.

The length Iy, in the Yurawa well, is related to the meson mass, y,, by?

h
= cly
i.e. .

mass of meson ZCompton .
eyt Su A (26)
mass of electron ly
BrarT and JacksoN® have given figures relating b and ! for these four
wells. They are

Square

b -1 278)
Gaussian

b= 143051, (2703
Exponential

b==3-54121, (27E)
YUurawa

b—=211961y. (27Y)

We can readily show that b = [g for the square well, for when &k — 0
equation (7) becomes

w4 :E Weu =20 r<ly, (2R)

the permissible solution of which is
w = sin | M Wy ; ) (29)
When Wg=W{®, its value at resonance, the slope of u at r — g is zero.
Therefo
eretore we L (1"_)’
8 M \2is

and

b=2 [ [1— ()] dr = 1.
]
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4. Relation between «, 7y, s and b

We write
Ug(r) = Po(r) —g(r) = 1—ar —g(r). (30)
Fig. 3 shows that ¢g'®(r) is never negative. Then
o0 (3]
ro=2[(ys —u)dr=2 [ (2g—g* ~20rg)dr. (31)
0 (1]
Let us start with a potential which has 8 = 1(ax = 0)
~o
rg=>b=2 [ (2¢/® — [gBR)dr. (32)
(]
26— |~| I
Y 2%t - | - [
78 | /‘f 2af—i-
DERNEEEE
76 !
t ;f— 18}~ ]
16—-1-- + —
14 l
19—~ 1- -
! '
12 - & N
/ 70 ?
70 08 I
[/ o1 02 03 04 05 03 -02 -01 0 01 02 03 0% 05
OTg > «n —
0 o Tl from i ormlar T g7, D, fom g 6 of DTS and -
the G fan and exy tal potentials have been  SOX S, S = Square, @ =G lan, X = Exp tial;
omitted to avoid confusion Y = YURAWA.

Increase s. « becomes positive but to a first approximation g does not change
from ¢®. Therefore

roxb --4a.0fmrg<") (rdr. (33)

Thus the effective range decrcases as the well depth increases. The longer
the tail of the well, the farther does g™ extend and since g® is multiplied
by r in the integral, bigger values of r are weighted more heavily. Therefore
for two wells with the same intrinsic range and (positive) scattering length. the
effective range will be smaller for the one with the longer tail.

BraTt and JAcksoN® give curves and formulae relating o and 7, with
s and b. Figs. 6 and 7 show s and b/r, as functions of (ar,).

It must be emphasized that b is never observed directly, and so the fact
that the relation between b and ry depends on the potential shape does not
help to select any particular shape. The quantities given by experiment
are « and 7, A potential shape is then selected and the values of b and s
which the observed values of « and r, imply for that shape, are obtained from
curves or formulae.
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5. Variation of o(0, E) with E
The variation of g (0, E) with energy provides the terms of order k* and higher
in (18). We do not consider this variation in detail but merely give BETHE’S
argument showing that the k4 term in (2) is small.
Expand y in terms of k. From (10)

y = cos kr -+ cot sinkr } (34)
=1—31k2r24 rkcot 6 —}r3k® cot § + O (k474).
Insert for k cot § the expression given in (3)
p=1l—ar+3klr(ro—r)+ 3k ar*4 0 (kir). (35)
016 T, It is convenient to write y in the form
omp—t — f Y=yt EBpnt+kygy+---. (36)
onl— / Then
/ n=3r{re—r)+3ar. (37)
m I 4 This function is zero at r =0 and again
08— —/*/ “ [T | at a value of r which, if §arg<<1, is close
005 L +— to 7. For values of r of the order of 7,
oor—T |- ) i.e. within the range of the nuclear forces,
0 | /1 %1 is small and is some small fraction of 3.
e [ — ) By analogy with (36) we write
’ e u=1uy+ Ko+ Koy (38)
-0e2f - T T Then
L] i
B | 5| 1e(0 E) —3e(0,0)
-008
~05-0z-07 0 07 0z 03 0% 0% e (39)
"l = [ [polp o) — g (u—up)] dr
Fig.8. Pvs.ar, from Fig.10 of BLATT and ° ~
JACKSONS, =k [ (poy1— %o ¥1) dr + O(K%).  (40)
0

v;, like y,, is small within the range of the nuclear forces for it is zero at
r = 0 and must approach y; when the nuclear forces become negligible. Out-
side the range of the nuclear forces the integrand is zero. Therefore the
integral in (40) is small compared to r.

From (2) (15) and (40)

5.
of(tpoxl-uo v)dr=T, (41)

Brarr and JAcCKSON, setting
T= Pn, (42)

have calculated P for various potentials. Their graphs showing the relation
between P and ar, are reproduced in Fig. 8.
Neglecting terms 0(k%) in (40), we have

00,E)=ry—2Pr3k? (43)
which may be generalised with the aid of (14) and (15) to
0(ByEy) = ro—2 Pry (k4 Kj). (44)
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6. The binding energy of the deuteron
The deuteron binding energy, &, gives a useful relation between the triplet
scattering length o, and the triplet range function g,(0, — ¢)
Consider eq.(12) when E,=0 and E,=—e¢. The functions u, and y,
become u, and y, corresponding to the ground state of the deuteron.

=T 45
where y is defined by ¥ - 45)
e= 0T, (46)

v:(0)=—y and ki=—y2
Therefore eq. (12) becomes

oo
—ytoy= —y’of (9, Yo uy ug) dr

1 1
a =Y 270 —¢) 47)

1
~y—5 ¥ Mo (48)

The function g,(0, — ¢) will be denoted simply by pg,.
¢ is known with great accuracy. The value adopted in this paper is that
obtained by MoBLEY and LAUBENSTEIN!, They determined the threshold

energy for photodisintegration using X-rays from an electrostatic generator
and found £ — 2:226 (1 + &) Mev @9
& =4 0-0015.

This value agrees well with other accurate measurements of &. BELL and
ELL1oT" measured the energy of the y rays emitted in the capture of slow
neutrons by protons and found

£ =(2-230 4- 0-007) Mev.
A third estimate is provided by mass determinations. The results1%13
n— H = (0-782 4 0-002) Mev
2H — D =(1-442 4 0-005) Mev
& =(2-224 4 0:0006) Mev .
The value of y obtained from (49) is

give

y =(2:317 4 1-16¢,) X 1012 cm1. (50)

III. NEUTRON-PROTON SCATTERING

1. Measurement of a, and a,
(a) Frce proton cross-section
For slow neutrons the k2 term in (3) may be necglected and the scattering
cross-section is given by
o, =3na;+naj. (51)
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o), known as the free proton cross-section, is measured by scattering
neutrons in hydrogen or a hydrogen compound, at energies sufficiently
low for the &2 term in (3) to be negligible but sufficiently high for the scattering
protons to be effectively free. The most accurate measurement that has
so far been made is that of MELKONIAN! who used neutrons in the energy
range 0-8 to 15 ev. He obtained a value

g; = 20-36 (1 4- &,) barns }

£ = + 0:005. (62)

(b) Coherent scattering amplitude
The quantity f=2@a,+1a)

is called the coherent scattering amplitude. In order to measure f, neutrons
of thermal and subthermal energies must be used. The DE BROGLIE wave-
length of such neutrons is of the order of interatomic distances. Interference
effects may thus be observed and these permit a determination of the coherent
scattering amplitudes,

Three different experiments have been devised to measure f. The most
accurate appears to be that of HuaHEs, Buray and RinGo!®. They reflected
neutrons from a liquid hydrocarbon mirror and measured the angle of total
reflection. This gives the refractive index of the hydrocarbon which in turn
gives the mean scattering length of the nuclei in the mirror. The carbon
scattering length is known from other experiments. Thus f may be calculated.
The value obtained is

f=—3878(1 4 &) x 10" 13¢cm
&g = 4+ 0:005. }

The scattering of slow neutrons by parahydrogen also gives a value for f.

The theory shows that the clastic cross-section for a parahydrogen molecule
in its ground state is given by

Opara = Koo (30, + a,)? (54)

where kq, is & numerical coefficient that depends on the temperature of the
hydrogen and the energy of the neutrons. SUTTON et al.!® have measured
f in this way and find

f=—(395 4+ 0-15) X 10~ cm .

A serious drawback to this experiment arises from the fact that the scattering
cross-section of orthohydrogen is about 30 times that of parahydrogen. Thus
the presence of a small unknown quantity of orthohydrogen will considerably
increase the apparcnt value of ope,. The experiment is being repeated
by SQUIRES and STEWARTY. Preliminary measurements indicate f = - (3-73 4
0-06) X 10-13 cm,

A third estimate of f is provided by the experiments of SHULL ef al.!.
By measuring the neutron diffraction patterns of sodium hydride crystals,

they find = — (396 4 0-2) X 10 cm.

(63)
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In view of the large experimental errors, the agreement between the
results of SuTTOoN and SHULL must be considered fortuitous. Hucrrs’ value
of f is used in calculations in this article.

From (52) and (53) we obtain

a, = (0-538 + 0-37 &, — 0-21 &) x 102 cm (55)
a, = — (2:369 + 1-11 £, 4- 0-14 &) x 102 cm. (56)
7{’|
70™"cm
aré —"]
K\\\ = I’Sjyn
G _0/ ﬁaus__SIa____.—-
“-~~—--.\‘ .-==:’.‘_’-’--1P"“' |
17— R
Q o1 \\\\\ *\'\rgm”//”/
g A
<

N

=10 -5 0 5 Mev 70

[

Fig. 8. ¢, (0, E) v8 E. The lincs arc based on the values of a, and ¢, given in eqns. (55) and (57) respectively.

2. Determination of the triplet effective range
Inserting the experimental values of ¢ (50) and a, (55) in eq. (47) we find
g = (1-704 + 2-6¢, + 483, —2:68¢5) X 103 ¢m. (57)
The error in g, is

0-004 X 1073 em from the deuteron binding energy

0-024 X 103 cm from the free proton cross-section

0-015 X 1073 em from the coherent scattering amplitude.

As these errors are independent the total error in g, is 0-03 X 10-*cm or
17%.

Starting from g, we can calculate r,,, the triplet effective range. If we
employ what may be termed simple effective range theory, and neglect
terms in k* and of higher order in eq. (15), r,, is equal to g,. If however
the term in k4 is retained we have from (43)

o =Toe+ 21 PR (58)

P can be obtained from Fig. 8. Although P is given as a function of r, and
not of g, in this figure, an iterative method rapidly gives an accurate value
for P and r,,, Knowing r,, and @,, we can obtain s and b at once from Figs. 6
and 7. The results are given in Table 1.
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Table 1—Parameters of the triplet potential
implied by o, = 0,(0, —e) = 1704 X 1078 cm and a,= 5-38X 10-13 ¢cm

04 [ b 11: tln
Potential shape P m n 8 in Mev 10~ em
10%em | 102 em 1073 cm
see eq. (25)
_. - : S D R o meea D)
Square . . . . ... —0040! 1726 | 1682 | 144 | 204 | 353 | 204
Gaussian . . . . . . —0018; 1713 | 1694 | 143 | 215 | 709 | 150
Exponential . . . . . 4+0030| 1688 | 1719 | 142 | 235 | 1930 | 066
YUKAWA . . . ... +0138| 1638 | 1768 | 142 | 291 | 523 | 138

The value of the intrinsic range, b, for the Yurawa well gives for the
rneson mass e = (281 + 10) m, (69)

where m, is the mass of the electron. This may be compared with the ex-
perimental value for the mass of the = meson, (276 -+ 2) m,2.

Eq. (43) is plotted in Fig.9 for the four potential shapes, using the
values of P and ry, given in Table 1.

3. n-p scaltering at energies up to 6 Mev
From eqs. (4) and (15) we have the exact relations
3 1

Op= —4—0"+—10" (61)
o, =4n {k‘A‘ +[- «:{ + 5k 0, E)r}'l (62)
0, =4n {kﬂ +[- —‘:‘- + 3 k0, (0, 1«:)]2}" =47 (k24 kPcot? 3,)"1. (63)

g, and g, are the triplet and singlet scattering cross-sections.
If we neglect terms in k%, (62) becomes
1

1 1 -
o, = dn {k2 + (- gk ro,)’} (64)
which, with the aid of (48), may be written

o, =4n {lc2 -+ [—y + -;— (2 + k?) rm]z}_1

4 1 -1
= | _:yf {1 —Yraut T+ kz)} . (65)
Neglecting further the term in 73,, we have
dn 1
NN B Iy ©8)

which shows that to a first approximation the effect of the finite range of
the nuclear forces is to multiply the zero range cross-section by the energy
independent factor (1 —y 1)1, a result pointed out by BrrHE and
BacHER 0,
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The analysis of n—p scattering data is complicated by the mixture of
triplet and singlet scattering. If, adopting the simple effective range theory,
we put (0, E) = ry,=1-704 X 103 cm all the quantities on the right
hand side of (62) are known. Thus § o, may be calculated and subtracted
from the measured scattering cross-section to give }o,. kcotd, may then
be plotted against k?, and r,, obtained from the slope of the best line.

Scattering experiments with neu- o
trons of energies from 35 kev to barns
6 Mev have been carried out by 7
BAILEY et al.2, D. H. Friscu?? and
Lampr, FreEiger and WiLLiams®, -\ 1
Those of the last are the most
accurate and their results are given 7 N\
in Fig.10. The two curves shown 1 \
in this figure represent theoretical 4 ¢ \

cross-sections based on the follow-

. 3 ’ X
ing values \ Ts=0
5 1 2 &&
a, =538 x 1073 cm ry=dx10"%m ==

a, = —2369 X 1073 cm 7 _
7oy = 1:704 X 10713 cm
Tos = 0,3 X 10 cm. 0 A

Energy of neutron
It can be seen that a large change g 10. Theoretical » —p scattering cross-sections
in the singlet cffective range does P¥edon L o0
not have much effect on the total a, = —23-65 107 em
cross-section and so the latter must 10 b
be measured very nccur&tely to give The experimental points shown are those of
7,- At 5 Mev the errors in ¢, and  Laver, FREIER and WILLIAMS®.
E contribute about equally to the
error in 7q,. At this energy an error of 1% in both ¢, and E results in an
error of about 20% in r;,. This assumes that r,, is known exactly. An
uncertainty of 0-1 X 10713 em in r;, leads to an uncertainty of 0-3 X 10713 cm
in gy,.

Fig. 11 shows k cot ¢, plotted against k2 for the results of Lamer et al.
The best line that has the value 0-422 X 102 cm™? (=——al—) when k2=0,

gives ’
Tos == (2:6 4 0-5) X 10" cm. (67)

The results of BAILEY ¢ al. have been analysed in a similar manner and,
though the value obtained for r,, is somewhat lower than that of Lameri,
the two values are consistent with their errors.

So far we have only used the first two terms in the expansion of k cot 6.
A more detailed analysis can be made by taking into account the third term
in the expansion. g,(0. E) is obtained from eq. (43) (Fig. 9). The plot of
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k cot 6, against k* will then depend upon the potential shape. It must be
remembered that the best fit will not be given by the shape for which the

24

2Zm!

points lie closest to a straight line.

— If the square well is the “best”

shape, the k cot §, v k2 points will
be concave upwards for the square

well plot (P is negative for a
square well).

However it is clear from the
original simple analysis that the
experimental results are not suf-

\

ficiently accurate for any one
shape to give a better fit than

kcoto,
3

A o5 =25x10"%m
il

the others. Moreover the accuracy
would have to be increased by a

-] factor of at least three in order to

distinguish between a square and
a Yurawa well. It might there-

05/

|

fore be thought that the more
accurate calculation was unneces-
sary at the present stage. This
would be so if the scattering
data were our only source of in-

0 7 Vd J ¥ 5
ko

LAMPI, FREIER and WILLIAMS®,

6 7
0ot

¥ig. 11. % cot 6, plotted against k* for the results of

formation on the neutron-proton
interaction. But we have other
information, in particular that
provided by the capture of slow

neutrons by protons. It turns out —see Sect. IV.3—thet the value of the
singlet effective range calculated from that process depends upon the

Table 2—Values of r,, implied by

the n—p scaitering results of LaMpr,

Frr1ER and WiLLiams® when the P

term in the expansion of kcot é is ta-

ken into account. The error in each r,,
and b, s 4-0-5 x 10713 cm.

, 70s by
Potential shape l 10—“': om m-?-' o
Square . . . . . .. 2-5 | 25
Gaussian . . . . . . 2:5 24
Exponential . . . . . 2.5 23
YuKawa . . .. .. . 24 2:2

shape of the well and that it is larger
for a long-tailed than for a short.
tailed well. In the case of n—p scatter-
ing the reverse is true. This can
be seen from Table 2 where the
results of the more accurate analysis
are given. SALPETER2! has pointed
out that the combination of these
results gives a much more sensitive
means of distinguishing potential
shapes than that provided by the
scattering data alone. For each po-
tential shape the value of 7, is cal-
culated both from the scattering and

from the capture data, and the shape for which the two values are in closest
agreement is observed. The results of this procedure are discussed in tho

soction on the capture data.
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IV. PHOTO-DISINTEGRATION OF THE DEUTERON
1. Photoelectric effect: theory

The cross-section for the disintegration of the deuteron, due to its interaction
with the electric field of a y ray quantum, is proportional to M2 where

[
My = [ rw,wdr. (68)
0

w, and w, are the normalised radial eigenfunctions of the initial and final
states respectively.

The initial state is the ground state of the deuteron. w, is therefore pro-
portional to u,, the constant of proportionality N, being fixed by the normal-
isation equation

00
fuldr=1. (69)
(1]

The final state must be a P state, otherwise M, is zero. wj is given by 23

wy = ﬂm_ﬂ%j‘_!)ﬁ)_ -— CO8 (kf + 61:) . (70)

0p is the phase shift. Let the energy of the final state i.e. the sum of
the kinetic energies of the neutron and proton, he E. If the wavelength,
A=h||/ME, is large compared with the range of the nuclear forces, the
neutron and proton are effectively free in the final state, and the wave
function may be replaced by that for a free particle. The latter is obtain-
ed from (70) by putting p=0. It behaves as 72 for small  and therefore
the contribution of small 7 to the integral is small. Thus at moderate energies
(below 5 Mev) the crror involved in replacing w, by its asymptotic form,
@,, is negligible.
Now
D, =ce ir

where ¢ is a constant which is determined by the normalisation of u,. Suppose
that instead of inserting @, in M, we insert @, = ¢’ ¢~?" where

[(@,)2dr=1. )

This is the procedure adopted by BErHE and PEIERLS?® and leads to the
well-known result

_8?’.ﬂ__‘f£!"g_. (72)

@,0 Would be the correct cross-section if the range of the forces were zero;
for then w, = @, for all r and normalising @, by (71) would ensure the normalisa-
tion of w,. But for a finite force range the function wj corresponding to
&, docs not satisfy (69). It is only in this way, i.e. through the normalisation
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of the ground state wave function, that the range of the forces enters into
the photoelectric cross-section.
To obtain o,, the photoelectric cross-section, we simply multiply g,, by

(wye)®.
Since Jutdr=[(@)2dr=1

e (@2 — @] dr =2y [ (v —u)) dr =y (—e,—e),
we have

a,, f (w“,)' dr

5, = fuaydr

= [(@)dr—[[(®)P— ()] dr =1—pg(—e —¢).

Put ,
o= ot(—&,—¢).
Then o
qg = 1 _‘;e; . (73)

2. Photomagnetic effect: theory

The magnetic field of a y ray can also bring about the disintegration of the
deuteron. The final state of the process is a 1§ state and the dissociated
nucleons are therefore distributed isotropically in the centre of mass system.
This is to be contrasted with the photoelectric effect where the final state
is a P state and the nucleons have a sin2 @ distribution. (6 is the angle in the
centre of mass system between the incident y ray and the neutron—or
proton.)

The majority of the magnetic dipole transitions are due to the ordinary

magnetic dipole moment of the deuteron but some transitions are brought
about by the so-called cxchange currents. We define a function &(E) by

Om(E) = om(E) [1—&(E)]. (74)

g,, is the magnetic disintegration cross-section and o), is the cross-section
calculated on the assumption of zero exchange current effecct. As before
E is the energy of the final state.

The exchange contribution to the photomagnetic effect is discussed below.
Meanwhile we shall confine our attention to ¢,. It is convenient to write
o}, in the form

om(E) = 8(E) omo(E) (75)

where o, ,(E) is the cross-section for nuclear forces of zero range. The matrix
element for the ordinary magnetic dipole transition from the ground state
to a 1§ state of energy K is proportional to

M, = N, ], jo'ou,u, dr. (76)
0

N, u, and N, u, are the normalised radial eigenfunctions of the initial and
final states respectively.
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The asymptotic forms of u, and u, are

I
and sin (k7 + 0y) (77)
# = g,

ME
2 <
=

d, is the phase shift for the singlet state of energy E and, if terms in k* are
neglected, satisfies
kcotd, = —a, + } kPry,. (78)

We define a zcro range phase shift §,, by
kcot §,q == — o, (79)

and denote the corresponding y, by y,,. The final state is unbound and
the normalising factor is

N = ii’;cf’! . (80)

Denote the zero range values of N, and N, by N, and N, respectively.
M, , the zero range value of M, is given by

(3]
Mmo=MoMof'}'g%od’ (81)
Thus since o), is proportional to M2,
N EVAVEVAUFITCTIAY >
S(8) = (Nyo) (Nao) (f'l’q'l’sod") ) (82)

Let us compare the three factors on the right hand side of (82) with
their counterparts in the photoelectric effect. The first factor is the same
for both processes and we have seen that it introduces the effective range
of the triplet interaction. The second factor is unity for the electric case if,
as we assumed, the final state is free. It is to be expected that in the magnetic
case this factor will depend on the effective range of the singlet interaction.
At low encrgies, the third factor is very close to unity for the electric process
but this is not true in the magnetic case. BETHE and LoNeMIRES show that
to a first approximation it depends on the sum of the singlet and triplet
effective ranges. If the calculation is taken to greater accuracy this term
depends on the well shape in a rather complicated manner.

As before
Ny _ 1
(Nuo-) T l—ye (83)
Eq. (78) and (80) give
NZ = [k + (-t + 70, B

( N._)ﬁz [1 n }:_'%_a}f:;gmﬁ’.]“. (84)

whence
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Put .
D - f ('/’0 'P:'—uaua) dr. (85)
Then, since
+Iccot6.
Jvotpdr =22 AT’
s —y3 D 4 k2 s —D
f'ua'u.,dr"— y—a Y yaikg(‘ro ) (86)

Eq. (83) (84) and (86) give the required range factor

_— - .3 (1 — —
8(E) = [1—y gi] [1 N L Lo +°:J°"" ] ‘[1 +L_(Lf‘!'§:%__’_‘ip. * (87)

BeTHE and LoNGMIRE show that

D =} (ry; + 7g4) (88)

is a fairly good approximation for several potential shapes. The substitution
of this expression for D in (87) gives

3__ — k2 .2
S(B) =14 g (L2 (rgy — 1y — O L2 061 (89)
At zero energy the coefficient of the term (ry,— 7,,) is about four times the
coefficient of the following term. Thus the photomagnetic effect provides
an approximate method of estimating the difference between the effective
ranges for the triplet and singlet interaction.
The expression for the zero range cross-section is2’

2neth _kyly—w)
O = EV o) ( My — .un)2 (I, ?n) (T (90)

4y and u, are the magnetic moments of the proton and neutron respectively
in units of the proton magneton. It is assumed that these moments are
unchanged when the proton and neutron are bound in the deuteron.

We now return to the effects of exchange currents on the photomagnetic
process. It was first pointed out by SiEcERT?8 that the existence of charge
exchange forces between nucleons implies that clectric currents must flow in
the space between them. These exchange currents react with an electro-
magnetic field and modify the properties of nuclei in two ways. Apart from
their effect on the photomagnetic cross-section they may give a contribution
to the magnetic moment of a nucleus. Sacus??® has shown that this contribu-
tion is antisymmetric for the interchange of neutrons and protons and thus
vanishes for a self-conjugate nucleus such as the deuteron. However, the
exchange currents do give rise to magnetic dipole transitions in the deuteron.
AvusTERN and SacHs® have attempted to calculate this effect by relating
it to the experimental values of the exchange magnetic moments of H3 and
He?® in their ground states. For an exact calculation a specific meson theory
is necded but a rough estimate may be obtained without this, and it is found
that at zero disintegration cnergy the exchange contribution to the cross-

section is about 4%.
£5(0) = 0.04. (91)
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We shall use this value in our calculations. Moreover we shall assume that,
for disintegration energies small compared with the deuteron binding energy,
€ remains constant.

By analogy with (75) we write

0n(E) = R(E) 6,,0(E) (92)
where s
3. Capture of slow neutrons by protons
(a) Theory

The capture of slow neutrons by protons is the inverse process to the photo-
disintegration of the deuteron at energies just above the threshold. Since
at these energies the electric cross-section is proportional to E} while the
magnetic cross-section is proportional to E! the latter is predominant.
Thus the range factor for slow neutron capture is the range factor for the
magnetic disintegration evaluated at zcro cnergy. Let oz be the capture
cross-section and oy, its value for zero range of forces. The expression for
Oy 8% 2 ;4
OV = g;{:_g’_ ('}’ - aa)z%; (.up - .“n)z (94)

where v is the relative velocity of neutron and proton.
oy =R(0)oy,

1 1 27 e fity’ (95)
=T TSy e T YD e () ]
(b) Experiment

For the experimental value of the capture cross-section we takel?

oy = (0-328 + 0-013) barns*. (96)

This value is for neutrons with a velocity of 2200 m/sec and gives

ogv="T22(1 4+ g;) X 10720 cm3/sec
Jid (I + &) / } (97)

&y == :t 0-04.

Of the quantities in eq. (95) all except D are now known. Mack3! gives
H,— o= 4705, &5 is obtained from (91) and g, from Table 1. Thus D is
determined. Its value depends on the potential shape since g;—obtained
from g—depends on the shape also.

Instead of using the simple formula of BETHE and LoNGMIRE (88) to
determine r,, from D we use a more accurate expression due to SALPETER2.
The results thus obtained for D and r,, are shown in Table 3.

The experimental error of the capture cross-section and the uncertainty
in the exchange contribution lead to an error of 0:5 X 10-33¢m in r,,. The

¢ The error has been increased over that given in reference '*. There is still much uncertainty concerning oy,
a recent result obtained at Oak Ridge giving a value as high as 0-85 barns.
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Table 3—Values of D and r,, oblained from the n—p capture cross-section
oy v ="7-22 X 10~% ¢cm3/sec.
The fraction of this cross-section due to exchange moments is assumed to be 0-04

i D | 70s
Potential shape w in
109 em \ 10-% cm
1
Square . . .. ... . ‘ 1:00 | 24
Exponential . . . . | 1:03 ‘ 2:6
Yurgawa . . .. ... . .

error due to the deuteron binding energy, the free proton cross-section
and the coherent n—p scattering amplitude amounts only to 0-2 x 1013 cms

-1,
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Fig. 12. Singlet effective range for different potential shapes
obtained from the capture cross-section and n — p scatter-
ing data.

X3 Region permitted by the capture cross-section.
Region permitted by n —p scattering data.

It is therefore very desirable
that the capture cross-section
should be known to better
accuracy. The usual method of
determining ¢, is to measure
oplog. The inaccuracy of oy
lies about equally in this ratio
and in op, the boron absorption
cross-scction.

The values of r,, given in
Table 3 are plotted in Fig. 12
together with the values ob-
tained from the scattering data
and it can be scen that the two
sets of values are consistent. It
can also be seen that the pre-
sent values of r,, and the un-
certainties involved are such
that it is not possible to rule
out any range of values for P
between those for a square and
a Yurawa well.

4. Photo-disintegration :
comparison with experiment
Many cxperiments have been
performed to measure the photo-
disintegration of the deuteron

at energies close to the threshold. Measurements of the total disintegra-
tion cross-section, op= 0,4+ @,,, and of the ratio o,/o, have been made at

three y ray energies. These are

2:507 Mev (Ga), 2-615 Mev(ThC”) and 2-757 Mev (Na24).
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0,/o, is found by measuring the angular distribution of the dissociated
nucleons. If the number of protons, say, ejected into unit solid angle at an
angle 0 is

%(0) =a + bsinb, (98)
then
On 3a
‘;'— = (99)

The most accurate measurements of o,,/0, are those of BisHOP, BEGHIAN
and HaLBaN®, Their results are given in Table 4. The values for oy that
appear in the Table are the weighted means of results given in references33-33,

Table 4—Experimental values for the total photodisintegration cross-section33-38
and for the ratio of the magnetic to the electric cross-section3?

¥ ray \ Ga’t | ThC” I Nat
|
E, in Mev 2-507 2-615 i 2-757
E in Mev 0-281 0-389 0-531
op in 10728 cm? : 117410 I 13-94-0-6 15-8+1:2
O O 0-6004-0-02 | 0-360+0-008 | 0-247-0-007
n ] . i

i

0,0, has also been measured by Woopwarp and HALPERN3¢ at other
energies. An electrostatic generator was used to produce a continuous y ray
spectrum up to an energy of 2-2 Mev. A y energy was selected by ensuring
that only those photo-protons with a certain range, and hence a certain
energy, were counted. The results are included in Fig. 15.

The theoretical photoelectric cross-section is readily calculated. On
substituting the values of the constants in (72) we obtain

g
G,9= 3782 X 10726 B cm?2, (100)
E and E,, the energy of the y ray, are in Mev. The values for o, (eq.73) are
taken from Table 1.
The resulting values of o, are listed in Table 5.

Table 5—Theoretical photoelectric and photomagnetic cross-sections in 1028 cm?

E, mn Mev ‘ 2 507 2615 2757
e e | e [ om |
Squarc . . . .| 586 421 | g4 i 367 na | 3n
Exponential . . 594 427 1 853 3.67 11-60 311
YURAWA . . .| 606 423 | 869 | 366 11-83 3-10
Experimental . l T3£06 | 44304 | 102305 | 3702 | 127410 | 31402

The range factor for the photomagnetic process, R(E), is given by (87)
and (93). If it is assumed that ¢; does not depend on the energy—which is
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probably true at low energies—a considerable simplification can be effected
by writing

('

LA
0¥t
/4
LI 77
v %/
Ga" 47 Square

's—b
S

6
# — s me -
2k
0 o1 92 03 04 05Mev
Energy of final state
Fig. 13. Photoelectric cross-sections given by effective runge theory together with the experimental values.
St
o l
4 "‘—‘i l
|
}s
I l
2 ! .
| |
! "
Lo
0 a7 02 03 oY 05 Mev

Energy of final stote
Fig. 14. Photomagnetic cross-sections given by effective range theory together with the experimental values.

The adventage of expressing R(E) in this way is that the quantity in
square brackets is very close to unity and does not depend very much on the
values inserted for 7y, and D; while the quantity R(0) is given directly by
the ratio of the measured value of the capture cross-section to the theoretical
zero-range cross-section (94). Thus we do not need to know the numerical
value of &5. Furthermore, all the well shapes will give closely similar values
for R(E). The reason that our treatment of the scattering data and of the
photoelectric effect gives different results for different potential shapes is

the presence of the — 1
1—ye

, term. By expressing the photomagnetic range
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factor as R(0) times an energy term, we eliminate the factor i ! ;- It is
included in R(0). R
Inserting values in the right hand side of (94) gives
G0 = 6:534 X 10-20 cm3/sec. (102)
From (97) and (102) we obtain
R(0) == 1.104. (103)
09
08
97 A
N
05 $ 3
\\ I
t 95 AR I
%
% D
oy — S
3 \\\
03 N
\‘%
02 —_
a7
0 017 02 23 0% 05 Mev
Energy of final state

Fig. 15 Ratio of photomagnetic to photoelectric cross-sections plotted against energy of final atate.

— effective range theory;
===« calculations of HANSSON and HULTHEN,

I BisHOP, BEGHIAN and HALBAN3;
{ Woopwamp and HirreRx®,

The expression in square brackets in eq. (101) has been evaluated by sub-
stituting for 7o, and D the values given in Table 3. Multiplication of the
results by 1-104 gives R(E). On inserting the values of the constants in
the expression for o,,(90), we find

B .

Omo = 6:936 x 10-28 E}-'TE——+~O~'—0739) cm=

(104)
where E and E, are in Mev.
Thus o, may be calculated. The final results are given in Table 5.

In Figs. 13, 14 and 15 the experimental values of o,, o, and o,/c, are
shown together with the predictions of the effective range theory.

It can be seen that the photoelectric cross-sections predicted by the

effective range theory are too small. We may consider the experimental

8 Progress in Nuclear Physics, Vol. 2 113
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results in a different way and regard them as a direct measurement of the
quantity, g;. The value of g; obtained from the results in Table 4 is

ot = (2-11 £ 0-12) X 1073 cem.

WILKINSON ¥ has measured the total photodisintegration cross-section at
six p-ray energies from 4-45 to 17-6 Mev. At these energies the photomagnetic
cross-section is relatively small, and even a crude estimate of its magnitude
suffices to determine the photoelectric cross-section from the total cross-
section. Replacing the wave function u, in the matrix element M, by its
asymptotic form g, causes an appreciable error at high energies. To allow
for the error, the expression for ¢, given in (73) is multiplied by a correction
factor. This factor depends on the shape of the well and. at a given energy,
is larger for a long tailed than for a short tailed well.

The results obtained by WILKINSON are

ot = (173 4 0-09) X 103 cm for a square well
gt = (179 4 0:09) X 108 em for a Yurawa well.

The values of g, given in Table i are consistent with those found by
WILKINSON, but not with the value given by the photodisintegration ex-
periments at low encrgies. The values of g; listed in Table 1 are obtained
from eq. (57) and (44) and are based on the assumption that the function
0,(Ey, E,) varies linearly with encrgy in other words, that the term in k¢
in eq.(2) is negligible. If further capeviments confirm the discrepancy
between the values of g, given directly by the photoelectric cross-section and
those obtained from eq. (57) and (44), the effective range theory may have
to take account of higher terms in the expansion of £ cot §, in which case
its usefulness will be considerably reduced.

Calculations by NacGEL® indicate that. for a Yuxkawa-type well, the
variation of the function (0, ) with energy is significantly non-linear.
However, the series for k cot 6 converges more slowly for a long tailed than
for a short tailed well, and it may still be true that the departure of p(0, )
» B from linearity is negligible for a well with a short tail.

Hansson and Hurrain?®® have calculated the photoelectric and photo-
magnetic cross-sections directly, using accurate approximations for the
neutron-proton wave functions. The latest values of HurrnN and NAGEL®
interpolated to a meson mass of 285 m, and a deuteron binding energy of
2-226 Mev, are shown in Fig. 16. Tt can be seen that these values are in
better agreement with the results of Bisnop, BEeuiax and HALBAN3? than
are the values given by the effective range theory.

and

V. COMPARISON OF THE PROTON-PROTON AND NEUTRON-PrROTON FORCE

A detailed account of low energy proton-proton scattering has heen given
by JacksoN and Brait®, The equation analogous to (2) for the p—p inter-
action is (equations 1.1 and 1.2 of referencc?)

h*

1 1 4 ~
=1 TR = 37 (—"a 1 o Tok? '-P"UJ‘-.L---) (105)

-_..  mcotd
- exp(2a9)
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where e

=% -
1
h(n) = —logn—0-B772... + ’722 it °
n=1

v is the relative velocity of the protons. § is the nuclear phase shift.

The CouLoms force is an added complication in p-p scattering. On the
other hand the fact that the 38 state is forbidden means that the cross-section
at a given energy is determined by one phase shift only.

The constants ¢ and r, in eq. (105) are obtained by plotting the experimental
values values of K against the energy. As with n—p scattering the present data
are not sufficiently accurate to distinguish between any of the commonly
assumed potentials. JACksoN and Brarr find that the values of a and r,
that give the best fit to the data at energies below 3-5 Mev are

a = —(7-6740-05) X103 cm
re =(2:6540-07) x 1013 cm . }

The “best” values of a and 7, depend somewhat on the value assumed for P.
The values in (106) correspond to P = 0.

The constant a changes appreciably when the Coulomb field is switched off,
but the effective range r, and higher coefficients in (105} are almost unchanged.

Eq. (108) shows that the effective range of the p—p nuclear interaction lies
within the present experimental limits of the effective range of the n—p singlet
interaction (Fig. 12), but these limits are so wide that the comparison is not
very significant*.

The scattering lengths of the two interactions however are known with
some accuracy. Their values are given in Table 6.

Table 6. n—p and p—p scattering lengths (in 10712 cm)

(108)

Skam]nz?‘:?lear —a, —a, —a ‘ -,
|
Square. . . . . 2:3694+0-006 " 1-643+0-035 2-2894-0-007 1-696-1-0-035
Yurawa. . . . | 1-8324-0-035 2:064-+-0-014 2-2134-0-070

The value of a,, the proton-proton scattering length in the absence of the
Coulomb field, depends on the shape assumed for the nuclear force. We
see that the n—p singlet scattering length a, has a larger negative value than a,.
indicating that, if the shape and range are the same, the n—p potential is
deeper than the p—p potential for the 1§ state.

However it has been pointed out by ScHWINGER#! that even if the specif-
ically nuclear n-p and p—p forces are the same, a difference in the depth of the
wells is to be expected. This arises from magnetic forces, such as the dipole-
dipole interaction, between the nucleons. Owing to the difference in sign be-
tween the magnetic moments of the proton and the neutron, the magnetic

* Nots added in proof: An accurate measurement of the n -p scattering cross-section at 14 Mev has been
carried out by Poss et al [Phys. Rev. 87 (1952) 11, 21]). The results, analysed by 8Now, indicate a singlet
cffective range of (2 22 4+ 024)x10-3*cm for a square well and (2:11 4 0-40)x 10713 cm for a YURAWA well,
The values of 7y, given in the summary have been adjusted to take account of these values,
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dipole interaction is attractive in the n—p 1§ state and repulsive in the p-p 18
state. Thus its effect is to make the n—p force appear slightly stronger than
the p—p force.

The effect of the magnetic forces on the scattering length depends on the
shape of the nuclear potential. ScEWINGER has calculated the hypothetical
scattering lengths a’ that would result if the magnetic forces were zero. The
results in Table 6 show that a, is numerically smaller than a, by (26 +-2)%
for a square well, but numerically larger by (7+4)% for a Yurawa well.
We may therefore conclude that charge independence does not hold if the
nucleons have a square well interaction but is consistent with present low
energy data if the potential has a fairly long tail.

In the 18 state, the n—p and p-p interactions are close to resonance, i.e.
the well depth parameter is almost unity and the scattering length is large
compared with the range of the nuclear forces. This means that a small
change in the depth of the well gives rise to a large change in the scattering
length. A difference of 1% in scattering length corresponds to less than 0-1%
in well depth.

VI. Hicu ENERGY DaTA AND TENSOR FORCES

1. Scattering experiments at high energies
We have confined ourselves so far to the results of experiments at low energy.
These experiments give information unly about the S states. At higher
energies scattering occurs in states of higher orbital momentum and exper-
iments at such energies provide information on the exchange nature of the
nuclear forces.

n—p scattering cxperiments have been carried out at energies up to
280 Mcv42-4¢, The results of HADLEY ef al.#2 at 40 and 90 Mev, indicate
that the differential cross-section is almost symmetrical about 90° in the
centre of mass system. Exact symmetry would indicate zero interaction
in states of odd orbital momentum, i.e. that the n—p potential was half-
ordinary and half-exchange. CHrisTIAN and HArT% have calculated from
the degree of asymmetry observed by HADLEY et al. that the P state force
is about (10 4+ 10)% of the § state force, and is repulsive.

In the calculation of the photoelectric cross-section it was assumed that
the final state of the dissociated nucleons, a P state, was free. BETHE and
LoxeMire® show that the effect of a 10% repulsive P state interaction is
to reduce the low energy cross-section by about 0-2%.

Although the four potential shapes, square, Gaussian, exponential and
Yurawa, give equally good fits to the low energy data, this is not so for
the high energy results. CHR1STIAN and HART* conclude from their analysis
of the 40 and 90 Mev data that these cannot be explained on the basis of
a square or Gaussian well. Of the two long-tailed potentials, the Yukawa
is superior for predicting the variation of the differential cross-section with
angle, but the exponential gives better values for the total cross-section.
Both shapes give total cross-sections that are too high, the discrepancy for
the Yurawa well amounting to about 25% at 90 Mev.
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p-p differential scattering cross-sections have been measured at energies
up to 345 Mev4-8, TUnlike n—p scattering which ceases to be isotropic at
about 20 Mev, p—p scattering is observed to be almost isotropic (apart from
small angle CouLoMB scattering) up to the highest energies at which meas-
urements have been made. The experimental values at 240 Mev and above
are however larger than the theoretical maximum for 8 state scattering
alone. To explain the p—p results, CHRISTIAN and NoyEs® postulate a tensor
interaction of high singularity for states of odd parity. This is contrary
to the charge independence hypothesis for, as stated above, the interaction
in the odd states of the neutron-proton system is small.

Other theories bave been put forward which attempt o explain the p-p
scattering results while still retaining charge independence. JAsTROW 55
has suggested a singlet potential which becomes repulsive at small distances.
Case and Pa1s5® use a velocity-dependent spin-orbit force. At the moment
there appears little to choose between the different theories. Further ex-
periments are necessary, for some discrepancy exists in the p—p results above
75 Mev. The cross-sections obtained at Berkeley are significantly lower
than the others.

2. Effect of tensor forces on low energy results

The effect of tensor forces was neglected throughout Sect. II to V. It was
originally shown by RaRriTA and SCHWINGERY that tensor forces contribute
little to the scattering at low energy. 'Iheir conclusions, based on a square
well potential, have been confirmed by CHrisTIAN and HaArT4? for more
general potential shapes. CHRISTIAN® has calculated that the effect of a
tensor force is to lower the value of the effective range by a few per cent.
The anisotropy of the low energy scattering caused by the tensor forces is
less than 1% which is quite beyond detection with present experimental
techniques.

BETHE and LoNGMIRE® have calculated the effect of tensor forces on
the photo-disintegration of the deuteron. They conclude that the effect is
very small in the clectric case. The transitions 3D, — 3P form a negligible
fraction of the total clectric dipole transitions. The tensor forces do cause
a change in the shape of the wave function « at small values of r but, as we
have seen, the value of this function close to the origin has almost no effect
on the cross-section.

In the magnetic case the inclusion of tensor forces causes a small change
in D. This results in a decrease of about 0-1 X 10723 cm in the value of r,,
obtained from the capture cross-section. The effect of transitions 3D—'D
is negligible.

VII. SuMMARY

1. The experimental data at low energies are not at the moment sufficiently
accurate to distinguish the shape of the neutron-proton potential for either
the triplet or singlet interaction.
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2. The values of the triplet scattering length and the deuteron binding
energy lead to

0, = (1-704 + 0-030) X 108 cm
from which we may deduce

Tryplet Triplet
Potential shape effective range intrinsw range
in 10-%cm g in 10~ cm
Square . . . . . 1-734-0-03 2-04-4+0-03
Yurawa . . .. 1-644-0-03 2:91-+-0-03

3. The value of the singlet effective range deduced from scattering data
is consistent with that given by the absorption cross-scction.

Tos = (2:35 4 0-4) X 103 ¢cm.
This value of ry, together with that of the singlet scattering length gives

Sunglet intrinsic
Potenhal shape range wn
10-Y em
Square . . . . ... . .. 2:34-0-4
YugAawa . .. ..., . 2:14-0-4

4. Comparison of the singlet scattering lengths of the specifically nuclear
n-p and p-p interactions indicates that charge independence does not hold
if the potential has a square shape. But for a potential with a tail slightly
shorter than that of the Yurawa, the two scattering lengths are in good
agreement.

5. The low energy cross-sections for the photoelectric disintegration of the
deuteron which the effective range theory predicts are somewhat low. The
more exact theory of HanssoN and HULTHEN is in better agrecment with
the experimental values of o,/o,.

The author wishes to thank Dr. WiLkinson and Dr. Huongks for sending
him copies of their papers in advance of publication. He is further indebted
to Dr. WiLKINSON for extremely helpful discussions.
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The dramatic connection between the discovery and exploitation of fission
and the course of recent history does not concern us here, except in so
far as it has affected the trend of research and the publication of results.
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After a short period of intense and fruitful international activity (TurRNER!
refers to more than one hundred papers in his review article of January 1940),
the whole subject became ‘‘classified” and virtually disappeared from the
literature. It is true that a few valuable papers were published during the
war, especially by German workers, but most of the important advances
were being made in secret. Soon after the end of the war the slow process
of ““de-classification” began, and the accumulated knowledge began to
appear, interspersed between the reports of contemporary researches. Nearly
all the restrictions upon publication have now been removed. Their last
effects may be apparent in a few of the succeeding pages, sometimes as the
absence of one of a group of associated constants, sometimes when a result
is quoted withou! discussion or experimental details. It seems, however,
that nearly all the known facts about the actual process of fission have been
made public, and that the present is therefore an appropriate time for a review
of progress.

It may perhaps be useful to recapitulate the most important experimentally
determined facts of fission in the form of a highly condensed summary of
the first portion of TurNER’S paper. The contemporary account which he
gives is, in fact, still worth reading for the fascinating picture of research
in progress which it presents, and we shall in any case ask the reader to
refer to it for most of the references to the early work.

The experiments which led to the discovery of fission were carried out
by Fermi and his collaboraters in an atic mpt to prepare transuranic elements,
of atomic number greater than 92, by the process of neutron capture followed
by f-decay. Such processes do in fact exist and we may anticipate by quoting
the best known of them in its modern form

3 B P I
UE |- n— U’ 5 Npgy* — Pudy’

However, the number of artificial radioactive periods found in Rome, Berlin
and Paris was much greater than anticipated, and it proved to be unex-
pectedly difficult to fit them into a scheme consistent with the properties
of the heavy and transuranic elcments.

In addition to the apparent transuranic elements, there were four which
were supposed to be f-active isotopes of radium, because they were pre-
cipitated along with barium, and their four daughters, which were supposed
to be isotopes of actinium, because they were precipitated along with lan-
thanum. However, HauN and STRASSMANN were driven, after exhaustive
chemical tests, to conclude that one of these pairs consisted of isotopes of
barium and lanthanum—they are now known to be the fission products
Bal®® (half life 12-8 days) and Lal*® (half life 40 hours). HamN and STrass-
MANN therefore suggested that the uranium nucleus could, after capturing
a neutron, split into two approximately equal fragments, and they proceeded
to identify other elements of medium atomic weight among the products
of the neutron irradiation of uranium, including isotopes of the rare gases
krypton and xenon.
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It was immediately realised by MEITNER and Frison that & great amount
of energy would be released in the process (for which they coined the name
fission) because the combined masses of the two fragments would be less
than that of the parent nucleus, by an amount corresponding to about 200 Mev.
They concluded therefore that the two fragments would fly apart with great
velocity, and would be able to ionise a gas. Frisou was the first to observe
the large pulses of ionisation, and this was immediately confirmed by many
other experiments. The recoil of the fragments was also demonstrated by
JorioT, by MErTNER and FriscH, and by BreErscuer and Coox, who collected
the radioactive fission products on various surfaces close to the uranium
compound layer in which they originated.

JENTSCHKE and PrANKL showed that the pulses of ionisation could be
divided into two groups with mean encrgies of about 60 and 100 Mev, in-
dicating that the nucleus tended to split into two unequal parts. This asymetry
in fission was later confirmed both by the chemical identification of the
products and by measurement of the ranges of the fragments. Cloud chamber
photographs of the fission fragments show this very clearly.

The primary fission fragments were expected to have a large excess of
neutrons over their stable isobars (5, Xc!40 and 4St?® were suggested as a
possible pair) and to decay to the stable forms by a series of f-emissions.
This was in fact observed and used to identify the products. The great
neutron excess led several groups of observers to look for neutrons emitted
at the instant of fission. Such neutrons were found by HaLBAN, JoLioT and
Kowarskr, and by ANpErsoN, Frrmr and HaNsTEIN, and were proved to
be of high eneigy by Dopg, HausaN, Jorutor and KowArskl. ROBERTS,
Mzeyer and WaANG demonstrated that a small fraction of the neutrons, the
so-called delayed neutrons, continued to come from the uranium after the
cessation of the neutron bombardment, and this was explained as neutron
emisgion from highly excited states formed by the f-decay of certain fission
products.

The earliest experiments were all on fission initiated by the capture of
neutrons. It was rapidly shown, however, that fission of the heaviest elements
could be initiated by fast protons, deuterons and other particles, and by
y-rays. Later, following a theoretical prediction, spontaneous fission was
observed experimentally by FLEROV and PrTrzHAK, in which the nucleus
divides from the ground state without the intervention of any external
agency.

The term fission embraces a number of associated processes. The com-
monest and most systematically studied of these is binary fission, in which
the nucleus divides into two fragments of comparable size. However, in
a minority of cases, nuclei of low atomic weight are emitted in addition to
the main fragments, at the instant of fission, and rare processes occur in which
the nucleus divides into three or more large fragments. The fission of very
highly excited nuclei differs in important respects from that of the less
highly excited, in particular in being accompanied by the emission of & number
of particles. The only experimental criterion which we can commonly apply,
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in order to be able to say that a fission has occurred, is that a heavily ionising
particle has been emitted, and there does not seem to be any logical dividing
line between the processes which we describe as fission and those which we
describe as spallation or star-formation.

In this article we shall be concerned primarily with the actual fission
of the nucleus, but this can only be studied experimentally through meas-
urements on the fragments which are emitted. Most of the report is based
upon & bibliography? of the literature published since 1946, and as far as
possible the account has been biassed in favour of papers which have appeared
during the last three years.

(1.2) A summary of some theoretical work

Although we shall be primarily concerned with experimental researches,
it may be useful to recapitulate, very briefly, some of the contributions
to the theory of fission3. The most valuable results were first obtained from
the liquid drop model of the nucleus, originally used in this connection by
MerrNER and Frisciui4, and developed by Borr and WHEELER®, FRENKELS: 7,
Present, REINES and Kx1pp8 8 and others. These papers all depend upon
the calculation of the total energy of an electrically charged drop which is
distorted. They seek to determine the critical shape, beyond which the drop
cannot be distorted without splitting into two, and the critical energy which
must be given to the drop in order to cause it to assume an unstable form.

Owing to the fact that the critical shape of the drop is often very far from
spherical, the early calculations, which were based upon cxpansions in powers
of the parameters describing the deformation, were not sufficiently accurate.
The calculations which FrankEeL and METROPOLIS? carried out on the Eniac
machine did not suffer from these purely mathematical approximations;
but the results were pretty much the same. The critical energies for fission
are given in the same form as by Bour and WHEELER, i.e.

B =E3& (1)

where Ej is the swiface cnergy of the undeformed drop, and & — f{(Z¥/d);
(Z3[A)y). Here (Z%A) and (Z%A)yy, arc the so-called fission parameters
for the nucleus in question. and for a hypothetical heavy nucleus which is
just unstable to fission as a result of infinitesimally small disturbances*.
The values for & calculated by FRANKEL and METROPOLIS are shown in Table 1.

Table 1—Values of the function used for determining the fission threshold
x = (ZYA)(ZY A 09 0-81 077 0-74 0-65
§ 0-0007 0-0060 0-009, 0-0136 0-0400
The calculated values of the fission thresholds of the isotopes in the
neighbourhood of uranium are shown in Fig. 1. In deriving these thresholds

. (Z’/A)nm has the value 45, when calculated trom the constants of the semi-empirical binding energy

formula. From other arguments, based upon the estimated fission thresholds of the uramwum isotopes, its
value is given as 47 8.
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it has been assumed that z=0-74 and E} =538 Mev for the compound
nucleus of U, These are purely hydrodynamical thresholds, which do not
include the effects of zero-point oscillations (estimated by Borr and WHEELER
to reduce the fission threshold by about 0-4 Mev) or of barrier penetration.
They would therefore be expected to be somewhat above the experimental
photofission thresholds of the isotopes in question. The calculated critical

shapes of the drops are shown in Fig. 2.
F FraNkEL and METROPOLIS confirm the original
P S O —{ calculations when they find that symmetrical

i fission is the most probable.

// L~ Spontancous fission was originally pre-
0 // dicted by BoBR and WHEELER, as a result
E / /’ ,4° || of barrier penetration, analogous to that
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Fig. 1. Fission thresholds for the nuclei ncar  Fig. 2. Critical shapes of droplets for various values of
uranjum, calculated from the hiquid drop
model. Quantum-mechanical effects not 2 = B/ D/ 2] D

included. (From FRANKEL & METROPOLIS®.) (From FRANKEL & METROPOLIS?.)

encountered in the theory of a-decay. They used the following very appro-
ximate formula to estimate the penetrability of the barrier

P xexp [—(2 M E)t o/k] 2)

where M is the mass of the nucleus, and «, which is analogous to the barrier
thickness, is of the order of the sum of the radii of the two fragments. FRANKEL
and METROPOLIS have made a much more detailed calculation of the Gamow
penetrability of the fission barrier of U28. They find, however, that the result
is so sensitive to small changes in the nuclear radius or surface energy that
it is fruitless to attempt to compare the result with experiment*.

The predominance of asymmetrical fission was not explained by the
original liquid drop theory, as formulated by Bour and WHEELER, and
refined by FrRaNkEL and METROPOLIS. FRENKEL? attempted to do this by
assuming that penetration through the barrier was responsible, and applying
a formula based upon the reduced mass M, M,/(M, + M;) of the fragments.
This implies, in effect, writing 4 M, M,/(M, + M,) for M in equation 2, where
M, and M, are the masses of the fragments. The reduced mass favours

* For z = 0-74 the calculated mean life for spontaneous fission is 10* years, and for z = 0-76 it is
107 years.
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asymmetrical fission, but the corresponding barrier height E,(M,, M,) is
higher. The observed asymmetry is supposed to result from these two
opposing effects.

The question now arises, how the observed asymmetry in fast neutron
fission can result from barrier penetration, when the excitation energy of
the nucleus is above the fission threshold. FRENKEL explains this by consmder-
ing the time required for the drop to attain a condition in which fission is
possible. At first the energy of the drop is distributed freely among all the
possible modes of vibration, but fission into two comparable parts cannot
take place unless the fundamental mode of vibration, and one or two of tho
lowest harmonics, have large amplitudes. FRENKEL assumes that it takes
a considerable time for the energy to become concentrated in these lower

modes, 8o that the relevant part of the excitation energy, that which causes
fission, rises quite slowly. As it approaches the top of the barrier the ‘‘ tunnel
effect” comes into play, and asymmetric fission occurs. The quantitative
results of this theory do not appear to have been published.

A number of methods of reconciling the asymmetry of fission with the
liquid drop model have been proposedl®-13, in which the properties of the
“nuclear fluid”, such as compressibility, inertia, polarisability, or inhomoge-
neity, are invoked.

(Note by the Editor. Various proposed explanations of the fission assymmetry were
discussed at Physics Conferences, but do not appear to have been printed. In onc of them
which was related to me by J. A, WHEELER, it 18 assumed that the nucleus becomes very
elongated and finally develops two constrictions (see Fig. 2.1); eventually one of these
constrictions breaks, leading to two unequal fragments. According to this idea the heavier
fragment would to be created in a much more deformed state and hence with much
higher excitation; that would seem to contradict the result (§6) that more neutrons
are emitted from the light fragment. Another explanation suggests that the nucleus at
the critical shape—near which it might be expected to stay for a fairly long time—is
unstable with respect to flow of matter from one half into the other; & small initial asym-
metry, such as may be caused by zero point oscillation, might be sufficiently magnified
by this instabihty to account for the observed assymmetries.)

An equally important defect of the liquid drop model is that the calculated
fission thresholds, as shown in Fig. 1, are not in accordance with the ex-
perimental facts (§2.3). It is not merely that the numerical value for any
particular isotope is wrong, for that might be remedied by changing the
constants in the calculation, but that the measured variation between the
photofission thresholds of the lightest and heaviest isotopes is much less
than predicted. Further the calculations predict a lower photofission
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threshold for U2 than for U8, in accordance with the values of (Z%/4),
whereas the experiments place the isotopes in the opposite order. Similar
considerations apply to the spontaneous fission rates (§7), which have been
incorrectly deduced from the liquid drop model by several authors. It is
difficult to see how any purely hydrodynamical theory can deal with these
isotopic effects.

Another theory which may be useful in explaining the phenomena of
fission is the shell model of the nucleus, proposed by Mayer® and others.
This accounts for especially stable configurations of 2, 8, 20, 28, 50, 82 and
126 neutrons or protons in the nucleus and is well correlated with a number
of nuclear properties. In particular the stability at the ‘“magic numbers”
leads to departures from the smooth curves of the masses of the nuclei, of
the order of several Mev. and is also connected with irregularities in the
nuclear radius. We shall refer later (§8) to the proposal by MEITNERI to
explain the asymmetry of fission, and to other cases in which the shell model
has been invoked. In its present state the shell model gives a number of
interesting hints and suggests useful analogies, but it does not seem to be
in a form which allows quantitative predictions to be made about the fission
Pprocess.

(1.3) Experimental techniques

It is interesting to reflect that fission, though essentially a physical phenom-
enon, was discovered by a chemist, and to observe that a considcrable propor-
tion of the evidence presented in the following sections was obtained by
chemical means. It would not be proper to attempt any description of the
advances in Radiochemistry which have made possible these contributions
to our understanding of fission. Advances in the techniques of Nuclear
Physics, which have a direct bearing on this problem may, however, be
enumerated.

The most important of these is probably the preparation of separated
isotopes, or of isotopic mixtures enriched in particular components, and
particularly the preparation of pure specimens of the transuranic elements.
The availability of intense neutron beams from piles, and of high energy
particles and p-rays has also led to many new experiments.

The detection of the charged particles emitted in fission has been affected
by the great improvements which have been made in ionisation chambers.
The first of these is the use of electron collection in certain very purc gases,
including hydrogen, nitrogen, boron trifluoride and the noble gases. The
electrons are collected in times of the order of microseconds, compared
with the milliseconds required for gaseous ions. These chambers, together
with improved electronic apparatus, have made it possible to amass much
more experimental information, resulting in better statistical accuracy.
By their use the effect of background radiation is greatly diminished, and,
in coincidence experiments, the random counting rate is reduced. Another
advance was the introduction by FriscH of the grid into the ionisation
chamber, which makes the pulse due to the collection of electrons proportional
to the amount of ionisation. The publication of the electrostatic theory of
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the grid chumber, by BuneMANN, CRANsHAW and HARVEY?!® has had a great
effect upon the quality of experiments in which this instrument has been used.

We have no space to describe the manifold varieties of the ionisation
chamber as it is used in investigating fission, and shall be content with two
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Fig. 3. Double gridded jonisation chamber. (From BRUNTIX & HANNA®S,)

examples. Fig. 3 shows a double, back to back, ionisation chamber used
by BrRuNTON, HANNA and THOMPSONSS, 60 for measuring the ionisation due
to associated pairs of fission fragments (§ 3.2). When pulsed sources, especially
of high energy X.rays are uscd to incuee fission, it may be necessary to
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Fig 1 Differential 1omsation chamber for detection of fission pulsesin the presence of intense X-radiation
(From BALDWIN & KTAIBERS?)

usc & differential ionisation chamber, or the sudden pulse of ionisation from
the source may mask that from the fission fragment. The original version
of this chamber, by BaLpwiN and KrarBer® is illustrated in Fig. 4. The
ionisation of the X-rays affects both halves of the chamber equally, and the
effects can be balanced out. The fission fragment causes ionisation in only
half of the chamber and is therefore detectable.

Scintillators with photomultiplicrs will detect fission fragments, and
were used for this purpose in the direct measurements of the fragment

127



NUCLEAR FISSION

velocities (§3.3). The rapid response was especially valuable in this ex-
periment. Unfortunately the pulse of light from the comparatively slow,
heavy fragment is not proportional to its energy. For instance, in ZnS, a
fission fragment releases only about one-seventh as much light, compared
to its energy, as does an «-particle’”. For this reason the scintillation counter
is useless for work on the energy spectrum of the fission fragments, and
it suffers from grave disadvantages when it is necessary to detect the fragments
against a strong background of «-particles. Scintillation counters have, of
course, greatly improved the efficiency of detection of the y-rays from fission
(§6). Organic scintillators can also be used for detecting fast neutrons.
but do not discriminate well between these particles and a background of
y-Tays.

The new photographic plate techniques!® have contributed very consider-
ably to the study of the fission process, especially to the investigation of the
light nuclei which are occasionally emitted during fission (§9), and to the
first observations of fission into three or more fragments (§ 10).

2. TYissioN Cross-SECTIONS AND THRESHOLDS
Much experimental work has becn carried out on the determination of fission
cross-sections and thresholds, but it is not proposed to devote any space to
a detailed description of the methods which have been used. This section will
be little more than a list of those results which have been published in the open
literature. All cross-sections will he given in “barns” (1 barn = 10-2¢cm?).

(2.1) Neutron cross-sections and thresholds
(a) Thermal fission cross-sections
In May 1952 the official figures given in Table 2 were released as nuclear data
forlow power research reactors'®, without any indication of the experimental

methods by which they had been
Table 2— Slow neutron fission cross-sections  obtained.

of uranium. (For neutrons having a Maz- The thermal ncutron cross-
wellian distribution of velocities, with a section for natural uranium has
most probable value of 2200 m/sec) been measured by Faccnint and
GATTI?®, who obtained a value of
Ci secti 238 228 Natural 210 ?

"toarns) ' v v wramum | T 3:97 4-0-12. They used a gridded
N ' ionisation chamber to compare
Fission . . . 1549 | 0 392 | 664 4}o number of fissions in uranium

Capture . . . i 101 2:80 35 361 ith th b £ disi
Soattering . . l 82| 82 8.2 — wit] ¢ number of disintegra-

tionsin lithium, in a standard neu-

The average value of the fission cross-section tron flux provided by & Ra-a-Be

for natural uranium, by neutrons above tho Source. The ratio of the cross-

U8 fission threshold, is given as 0:20 barns. sections of lithium and boron

was taken as 0-0948 - 0-0013

(FExNING, GRAHAM and SELIGMANZ), and the cross-section of boron as
703 barns (FErm1, MARSHAL and MARSHAL %),
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Biswas and PaTrRO? carried out & very similar experiment, but used
proportional counters to compare the number of fissions from a film of U,04
with the number of disintegrations in a boron counter. They quote o(f) for
thermal neutrons on U5 as 526 4-10 barns, but since they used a value of
732 barns for the thermal cross-section of boron, their value is not really in
good agreement with the others quoted above.

The thermal neutron cross-sections for the following isotopes have also
been published.

Table 3—Thermal neutron fission cross-sections®

Isotope (b:g‘)‘ ) Ref. | Isotope (b‘;ig’ ) Ref.
Ac®? <2 2 Pu?s <20 28
Ra® | <100 u | Ameet 30 | =
Ra2¢ <1x10™4 2% Am¥? | ~2500 bl
Ra228 <2 2 Am?23 <25 , »
ess ~500 26 Cm242 <b »
Np®? 0-019**| %7 l

(b) Fisston thresholds

As was shown by Bour and WHEELER, some of the nuclides among the elements
near uranium are not expected to undergo fission with thermal neutrons,
because the binding energies of the capturcd neutrons are not large enough
to excite the compound nucleus to a lever sbove the fission barrier. The typical
graph of the fission cross-section of such a nucleus would therefore be expected
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Fig. 5. (a) Fast neutron cross-section for the fission of Np*7,
(b) Fast ncutron cross-section for the fission of U8, (a) from KLEMA?; (b) from Atomucs 2 (1851) 15,

to rise rapidly with energy. Once the fission barrier had been surmounted the
cross-section would have a relatively steady value, provided the relative
probabilities of fission and of other processes remained the same. The graph
of the fission cross-section of Np*? has the expected form3® (Fig.5a). The
cross-section for U8 however is anomalous® (Fig. 5b).

* STREET, GHIORSO and THOMPSON?® give the following cross-sections for slow neutron fission; Am™*
~6000 barns, Am**m ~, 2000 barns, Am** <40 barns. CUNNINGHAM and GHIORSO #* give 3-0 + 0-2 barns
for the thermal neutron fission cross-section of Am*,

#¢ For a Maxwellian distribution of neutrons at 293° K.

9 Progress in Nuclear Physics, Vol. 2 1929
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Values for the fast neutron thresholds of several isotopes are quoted,
without comment or explanation, by FELD et al.5! and are shown in Table 4.
The fast fission thresholds for Th?2 and U2 were measured by Suourp and

. HiLL3? using neutrons from
Table 4—Thresholds for fast fission by meutrons 41014 (p, n) reaction. They

Nucleus Biw® | Thes | pass | yws | Npw give values of 1-14-0-05
for Th22 and 10401
Threshold (Mev) 60 1 0-5 1 05 for TS,

(c) Fission by very emergetic meutrons

KeLLy and WIEGAND3? using a compensating ion chamber similar to that
of BaLpwiN and KrAIBER (Fig. 4), but filled with argon, measured the fission
yields, relative to thorium, from a number of elements bombarded by 84 Mev
neutrons. They also bombarded samples of lead of different isotopic composi-
tion and calculated the yields from the pure isotopes. Their results are shown
in Table 5.

Table 5—Relative fission yields with 84 Mev neutrons
(KeLLy and WIEGAND)

Element 208 207 108
ort Bi Pb Pb Pb Pb Tl Hg Au Pt

Relative | 0-0190 {0-0065| 0-0070| 0-0101| 0-0028 0-0032|0-0023 |0-0020 | 0-0009
Fission Yield -0-0005! --0-002 io-oooa(

The fission cross-sections of uranium and thorium for 90 Mev neutrons
have been measured by JuNGERMAN, KELLEY, WIEGAND and WricHT and
are quoted as 1-4 and 1-0 barns by JUNGERMAN and WRIGHT!3S,

(2.2) Cross-sections for fission by charged particles
The fission cross-section for 200 Mev deuterons on bismuth has been shown
by chemical mecans to be 0-2 barns'®, and for 380 Mev «-particles on U2
to be about 2 barns?34,

The fission excitation functions of deuterons and a-particles of 19 and 38 Mev
respectively on uranium and thorium were measured by JuNcErRMAN and
WrieHT*, The recoil fragments were collected on aluminium foils, and the
number of fissions which had occurred was estimated from the observed
p-activity. A calibration was attempted against the thermal neutron fission
from one of the foils in a known neutron flux. This calibration was later
shown to be erroneous by a factor of 1:5-1-7, owing to the different distribution
of fission fragments in low-energy and high-energy fission.

In a much more complete investigation JUNGERMAN employed adouble,
compensating jonisation chamber (§ 1.3) to observe the ionisation of the fission
fragments from U238, U235 Th232, Bj2® and Aul?’, when bombarded by deuterons
up to 200 Mev and a-particles up to 400 Mev. The values near tho thresholds,
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which occur at about 8 Mev for deuterons and about 21 Mev for «-particles
were measured especially carefully.

Some of JUNGERMAN’S results are given in a slightly simplified form in
Fig. 6. The statistical spread of the observations, which was often con-
siderable is omitted from this figure. In the curves for U2¥® and Th23? the
initial rising portions are functions of the penetrability of the Coulomb barrier
by the charged particle, and are found to
be in good agreement with the calculations ) 0 “%;/07 w
of WEISSKOPF, assuming & nuclear radius
of 1:48 A% X 10"3cm. At higher energies the
fission cross-section is below the theoretical
value, presumably because of the competi-
tion of other reactions. The other two nuclei
investigated by JUNGERMAN do not undergo 4 5 00 180 200
fission unless a very large energy of exci-
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threshold is therefore so high as to be Tre¥
virtually unaffected by the Coulomb barrier. bafms //— B
The cross-sections at the upper limits of ! ; e T A
the energies agree within experimental error ? 7”
with those obtained by chemical means, and
quoted above. ¢ o . d;"f_. w0 200
An approximate estimatc of the cross- Elet)—=
section for fission of uranium by carbon ions 9 00200 e o0
has been made by J. M. HoLLANDER®e. The bams| === 1~ N
experimental figure, given as a result of /¥[===Au \
analysis for active silver, strontium and 1 5 [
barium, is ~ 0-1 barns. As an explanation %oz 'S —
of this small value it is suggested that the L « j::T{:,Q
majority of the carbon ions suffer RUTHER- &’/" B e
FORD scattering before they can enter the 4 50 [/d;”i_ %
uranium nucleus. Owing to the high electro-
. . . . Ig. 6. Fission excitation functions for
static potential barrier the compound nuclei a-particles and deuterons.

(Cf 247 and Cf2%) cannot be formed with

excitation energies less than ~ 60 Mev. The fission is therefore expected to
be of the high energy type discussed in § 11, but the experimental evidence
is a8 yet insufficient to confirm this.

(2.3) Photofission cross-sections and thresholds
Photofission was first observed experimentally using mono-energetic y-rays
from nuclear reactions, particularly the 6:3 Mev line from the F19(p, y) reaction
and the 17-5 Mev line from the Li(p, y) reaction. Some of the results of the
experiments are collected in Table 6.
X-rays of higher encrgies are produced in the form of a continuous Brems-
strahlung spectrum from machines such as betatrons or synchrotrons. The
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Table 6— Photofission cross-sections for monoenergetic y-rays (barns)

Energy of y-ray (Mfﬁ)__ _
Tootor 88 | 176 ~
Ums 0-0035--0-00103¢ 0-0461-0-0153"
0002238 0:01673%
(~0-005)3°
Th2 0-00174-0-00053 0-007238

quantities which are reasonably easy to measure are fission rate and the maxi-
mum energy of the y-radiation. The spectrum of the radiation and its intensity
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Fig. 7. (a) Photofission yields for unnlum and thorium for bremsstrahlung.
(b) Cross-section for photofission of i pproximations made in the calculation this curve
must be considered of only qualitative signulcance (From BALDWIN & KLAIBER )

are not usually so well known. The last quantity is often quoted in terms of
réntgen units, but the measurement of the intensities of such high energy
X-rays is difficult, and the results of different observers do not always agree.
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Barpwin and KLATBER¥® observed photofission in uranium and thorium
with X-rays of maximum energies up to 100 Mev, using the ionisation chamber
shown in Fig. 4. They obtained the yield curves shown in Fig. 7a, the shape
of which indicates a maximum for the cross-section at about 17 Mev (see
Fig. 7b). This result appears to be confirmed by OcLE and MCELHINNEY 4°,

GowARD et al.4! found a value for

23
JodE =16 4 0-3 Mev. barn
0

for uranium, which is about 4-5 times that found by BaLpwin and KLAIBER.

McELHINNEY and OGLE“? have compared the photofission of several
elements to that of U8, using the radioactivity of the fission fragments as
a means of detection. The

maximum energy of the X-ray
spectrum was varied from 12-4
to 21-7 Mev, and appeared to
have little effect on the ratios.
The results are shown in
Table 7.

Table 7— Photofission relative to uranium
(From McELHINNEY and OGLE*2)

Figswon product aclivily per alom relative to U™
P““.IU". I Ullllulll IUIII/U!III Thlll/Ulll IOIIOIUHI

| 149 | 249 | 0257 | 0-847

2-51

The threshold values for
photofission were measured by Kocr, MCELHINNEY and GASTEIGER# using a
differential ionisation chamber of the type mentioned in §1-3.

These figures are interesting, since ticy might be expected to give a direct
measurement of the barrier height against spontaneous fission, and also to

Table 8— Photofission thresholds

Iao&me I Thlll Ulll f Uul l Ulll ' Pu“'
Photofission . 540 | 518 508 531, 531
Threshold . . | 4+0-22 | +0-27 ‘ 40-15 l 40-25 | 40-27

check the calculations of the liquid drop model. They are quite incompatible
with the values calculated by FRANKEL and METROPOLIS? as is shown in § 1.2,

They are, as WAY% points out, compatible with the neutron-binding
energies of the isotopes and with the decay energies of the radioactive bodies.

3. THE DisTRIBUTION IN Mass, ENERGY AND CHARGE OF THE FRAGMENTS
FROM BINArY Fission
(3.1) The mass distribution
The heavy nucleus which undergoes fission contains a greater ratio of neutrons
to protons than do the medium weight nuclei into which it splits. The initial
fission products are thereforc unstable, even after the emission of prompt
neutrons. Asis well known, they attain stability by a series of §-decay processes,
during which the mass of the individual nuclei remains constant. Radiochemical
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investigations of such f-decay chains are therefore a most suitable method of
exploring the mass distributions, for, in general, it is possible to find the yield
of any given mass by a measurement of the abundance of one fairly long-lived
isotope near to the end of the chain. It is true that a percentage of the products
emit delayed neutrons (§5) a process which causes some transfer from one
mass number to another, but this effect is small, and can be allowed for.
Our general knowledge

g — SEESCs of the mass distribution of

s 77 1

a) \s the products from neutron
/
/

10 o

\i fission of U238, 235 TJ238
and Pu®® was obtained pre-
dominantly by such radio-
chemical methods, and is
LU JYfIPd \ U \\PE* the work of a large number

HT i of chemists46-51, The evi-
|‘\; dence has been summarised
by Way and DisMURE®,
= The curves, of Fig.8, re-
presenting the results of the
[l American groups of wor-
kers, are reproduced from
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Fig. 8. Mass yleld curves for thermal neutron fission of U?** and U2,
Put¥ and fastneutronfission of Us™. (From CorvELL& Sucarmant)  is used for the former pro-
cess. The chain yield or
mass yield is the sum of all the independent yields along the decay chain.
The curves of Fig.8 ought to be symmetrical about a value (4 -1—%)/2,
where A is the mass number of the original nucleus, and » is the number of
prompt neutrons emitted; and so they are, within experimental error. How-
ever it is noticeable that the spread about the central minimum is not the
same in the three curves. The three peaks representing the heavy fragments are
almost exactly superimposed, while the peaks representing the light fragment
are quite widely separated. This behaviour is discussed in §8. The areas under
the curves should each be equal to 200%, since two fragments are formed in
each fission. STEINBERG’s 4 values for the integrated yields are given in Table 9.
The deviations from the expected values may well be due to experimental
errors in the radiochemical assays, which depend upon quantitative f-counting,
a technique which is not always reliable to within a few percent.

* See also TURKEVITCH and NIDAY*% for the mass yields from the fission of Ths? by pile neutrons,
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The mass spectrometer was used by THODE and GraHAMS®? to measure
the relative mass yields of the chains which end in the stable isotopes Krs3,

Kr34, Kr# and Xe!3!, Xel32, Xel3t gnd
Xe'3, They also discovered a long lived
isotope Kr®, and later MACNAMARA,
Corrins and THODE® investigated the

Table 9—Integrated chemical mass
yields in thermal fission

Target |_ Sum of fission vieldf, %
yield and half-life of Xe!23, By these ™ | Lin oroup |Heavy group|  Total
experiments divergences from the -
smoothed yield curve were found*, U»? 90-2 869 177-1
which are given in Table 10. yms 97-3 97:1 184-4

IncERAM, Hess and Revworpss To™ 967 881 184-8

found discrepancics between the smooth
yield curve and mass spectrometer results for isotopes of caesium, even after
they had corrected for fractionation of the isotopes from the target. INGHRAM,
HAYDEN and Hess® investigated a number of chains ending in isotopes of

Table 10—Fission yields from mass spectrometer determination, compared with
the smooth chemical yield curve (MACNAMARA et al.5?)

Mass chain. . | 131 \ 132 133 134 136 ! 136 137 138
Mass spec. . . 2-8 4-2 5-0 55 59 6-1 6-2 6-2
Chem. yield. . 2-8 | 42 6-3 | 74 — 61 | — —

Nd, Sm, Eu and Gd, with mass numbers between 143 and 160. They were
forced, by conditions resulting from the method of chemical separation of the
rare earths, to fit together the measurements for the different elements in
a rather arbitrary manner. In this way they obtain a swmooth yicld curve
which diverges in a regular manncr from the chemical yield curve**,

These authors point out that it is possible, in principle, to investigate the
entire yield curve with the mass spectrometer, using a special technique of
isotope dilution®, If in addition the depletion of U235 were measured, absolute
yields would be obtainable.

(3.2) The energy distribution

The commonest method of measuring the kinetic energy of the fragments is
by the ijonisation which they produce in a gas. This always involves some
assumption concerning the energy w, required to produce an ion pair in the
gas concerned.

Ey=6(E,M)I 3)

where E; is the fragment energy, measured by ionisation methods, I is the
number of ion pairs, and w (E, M) is the average value of w over the path of
a fragment of mass number M with an initial energy E.

* A hypothesis to account for these divergences from the smooth curve is referred to in § 8. Interesting
results, obtained by the mass spectrometer, on the fission products from spontaneous fission are quoted
in §7.

*¢ Sce also GLENDENIN, STEINBERG, INGHRAM, and HESS®%s,
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These measurements of the energy are related to those of the mass by the
laws of conservation of energy and momentum, which give

M.E;,=MgEyq (4)

where M;,, My are the mass numbers of the light and heavy fragments, and
E;, Ey their kinetic energies. In stating this equation in so simple & form the
effect of the prompt neutrons has been neglected. Most of these prompt
neutrons must be presumed to be emitted at, or immediately after the instant
of fission, before the fragments have travelled any appreciable distance*.
The emission of a single prompt neutron in a random direction from a moving
fragment of mass number My, would reduce the average kinctic energy very
nearly in the ratio (Mp—1)/Mp. This is the same error as is found in the
chemical mass distribution, and is less than the experimental uncertainties.
However, prompt neutrons emitted in the forward direction would decrcase
the observed kinetic energy of the fragments, and those emitted in the back-
ward direction would increase it. The isotropic emission of prompt neutrons
from the moving fragments would, therefore, introduce a spread into the
observed energy distribution. To a first approximation this is + 2(EyE,/My):,
where Ep, My are the kinetic energy and mass number of the fragment, and £,
is the kinetic energy of the neutron.

New measurements of the ionisation of paired fission fragments have been
made by BRunToN and HANNA, 8 for the slow neutron fission of U232 and U235,
and by BrunTON and THOMPSONS 60 for Pu2®. Thesc experiments made use
of the high thermal neutron flux from the Chalk River pile and of modern
electronic techniques to increase the statistical accuracy, and they supersede
the similar investigations of FLAMMERSFELD, JENSEN and GENTNER®,
JENTSCHEE® and DruTscH and RaMsay 8 **,

The double ionisation chamber shown in Fig. 3 was used. The source was
contained in a thin collodion film and mounted on one side of a collimator
consisting of a plate with closely spaced holes. Only fragments whose direction
was within 45° of the normal were counted, and losses due to oblique passage
through the source, and to escape of clectrons in the fringing field, were reduced.
Only coincident pulses in the two chambers were accepted, so that the collima-
tion applied to one chamber was automatically extended to the other. Careful
precautions were taken to ensure that the best conditions prevailed with
respect to the purity and composition of the Argon-CO, mixture in the chamber,
the potentials of the various electrodes, and the linearity and resolving times
of the electronic apparatus.

The pulses from the uncollimated chamber were passed through an electronic
“gate”, which selected pulses within a given range of energies, which was
usually 5 Mev wide. The coincident pulses from the collimated chamber were
passed into a 30-channel pulse analyser, which measured their energy distribu-
tion. When the gate was wide open the familiar double-humped curve (Fig.9)

* See § b for evidence of delays of the order of 10~® sec 1n the case of a small proportion of the so-called
prompt neutrons.
** FowLER and ROSEN* investigated the energies of single fission fragments by an ionisation method.
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was obtained. By first setting the gate
at the low energy end of the spectrum, and
moving it up in steps of 5 Mev the details
of the distribution can be investigated.

The electronic apparatus was cali-
brated by feeding pulses into the chamber
amplifiers through two identical small con-
densers of capacity C. If V is the voltage
of the pulse it will produce a current pulse
equal to the collection in the chamber of a
charge of VC coulombs. Thus an absolute
calibration is possible in principle; in
practice, however, the apparatus was cali-
brated against the known energies of the
a-particles (4-823 Mev for U%3, 4-396 Mev
for U235 and 5:159 Mev for Pu?¥). For
this rcason any difference between the
value of w for a-particles and for fission
fragments will affect the result. Corrections
are necessary for absorption in the source,
and for ionisation losses in the collimator.
Some of the results are quoted before these
corrections are applied, and some afuver,
so that a little care is required to avoid
confusion.

The results are discussed very tho-
roughly in the two longer papers®. 60
mentioned above. Space limits us to the
discussion of a typical selection. The
general behaviour of the three isotopes
is compared in Table 11.

The distribution of the energies of the
fission fragments is most fully shown by
contour diagrams, one of which is repro-
duced in Fig. 10. From this it can be scen:

(a) The kinetic energy evolved by the
fission of a single nucleus varies very
greatly, from about 120 Mev to about
180 Mev, and even with a given mass
ratio the kinetic energy varies by as much
as 650 Mev. This variation has been attri-
buted to variations in the number and
energies of the prompt neutrons, or to
the primary charge distribution.

(b) The kinetic energy of the frag-
ments is not a maximum for symmetrical
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Table 11—Comparison of fissile nuclides

l Y U!ll P“lll
Most probable energy of light fragment Mev . . . . . . 93-0 94-5 94-6
Most probable energy of heavy fragment Mev. . . . . . 56-6 60-2 65-2
Ratio of most probable energies . . . . . . . . .. .. 1-64 1-567 1-45
Width* of high energy peak Mev . . . . . . . . . .. 14 12 14
Width* of low energy peak Mev. . . . . . . . .. .. 22 20 24
Width* of total energy curve . . . . . . . . . .. .. 22 25 27
Width* of total energy curve for most probable mass ratio
(from contour diagrams). . . . . . . . . . . . ... 20 20 22
Mass ratio for most probable total energy . . . . . . . 1-268 1-23 1-20

* At half maximum.

fission. In Fig. 11 the most probable value of the energy is plotted against the
mass ratio. (See also the results of Karcorr, MiSKEL and STANLEY §4).
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Fig. 10. Contour diagram showing the fission modes of U5, (Uncorrected for absorption in source, and
collimator losses.) (BRUNTON & HANNAS?)

(¢) The most probable mode of fission of U235 has a total energy E; of
156 Mev. This result is compared with those obtained by other methods in
§3.4.

(d) A heavy fragment of lower than average energy tends to be paired
with a light fragment of lower than average energy. Since the sum of the masses
of the two fragments is almost constant, an unusually large heavy fragment is
always paired with an unusually small light fragment. Thus the double-
humped energy distribution curve is not even approximately an inversion
of the double-humped mass-distribution curve.
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These experiments do
not appear to add any new
general conclusions to those
drawn from earlier experi-
ments, but they extend
the work to new isotopes
and with greater accuracy.
Comparison of the contour
diagrams for Pu239, 25,
U reveals differences in
detail, which the present
theories of fission seem to
be quite incapable of ex-
plaining.

(3.3)

The velocity distribution
The velocity distribution
of the fission fragments
is being investigated by
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Fig.11. Variation of the most probable total kinetic energy of the
fragments with mass ratio. (a) U and U3, (b) Pu®,

LEACHMAN®, by a direct method. A thin foil bearing a film of U233, U236 or
Pu®9is irradiated by thermal neutrons, and pairs of fragments are detected by
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Fig. 12. Velocity distribution of fission fragments.

77

scintillation detectors. One fragment travels only about 1 cm before striking
a detector, while the other travels about 350 cm along an evacuated tube.
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The pulses from the two detectors are displayed upon the screen of a fast
cathode ray tube and photographed. The velocity of the fragment can be
obtained from the distance apart of the two peaks.

These experiments are not published but preliminary results¥, shown in
Fig. 12, indicate that the velocity calculated from BrunTOoN and HANNA’s
energy measurements is less than that measured directly**. This, as will be
shown in the next section can be attributed to a difference between the value
of w for a-particles and for fission fragments.

(3.4) The relationship between the mass ratio and the energy ratio

Measurements of the ratio of the kinetic energies of pairs of fragments, and of
the mass ratios, do not appear at first sight to be in good agreement with each
other. This is shown by & series of diagrams in the papers of BRUNTON et al.58, 0,
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Fig. 13. Distributions of the ratios of the energies of the fragments in the slow neutron fission of U3, Pi(R;)
from {onisation measurements; Pg(Rg) calculated from the chemical yiclds; P(R) calculated_from Pg(Rf).
(LEACHMANS )

and equally clearly in a diagram due to LEACHMAN®5, which is reproduced as
Fig.13. The distribution obtained from the chemical mass ratio, by application
of eq. (4), Pz(Ry) in Fig. 13, is narrower than that obtained from ionisation
measurements, P;(R;). The latter comes from an equation similar to e¢q. (3),
using the value of w appropriate to «-particles.

¢ Kindly sent by Dr LEACHMAN.
** Neither curve in }ig. 12 has been corrected for foil losses which amount to about 1 Mev in each case;
and the two curves are therefore comparable with each other.
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LxracHMAN attributes part of the divergence between the two distributions
to dispersion in the ionisation measurements. Such dispersion is partly instru-
mental, and partly a genuine deviation of the fragment energy from the mean,
due to the emission of prompt neutrons. The curve P(R) (Fig.13) is calculated
from Pg(Rg), making reasonable assumptions about the dispersion in fragment
energy.

There is still a considerable discrepancy between the distributions P(R)
and P;(R;). LEacHMAN has shown that this discrepancy can be made to
disappear by reasonable assumptions about the ionising powers of the frag-
ments. The two distributions can in fact be reconciled with each other if the
ratio wy/wy, (i.e. of the energies which the average light and heavy fragments
respectively dissipate in producing one ion pair), falls from 1, for symmetrical
fission to about 0-9 when the ratio of the fragment masses is 2:1.

The velocity measurements described in § 3.3 indicate, according to LEAcH-
MAN, that the values of w for the most probable light and heavy fragments
exceed that for an «-particle by about 1-06 and 1-11 respectively. On this
basis BrunTON and HANNA’s value of 156 Mev for the most probable kinetic
energy released in fission is increased by 12-4 Mev. This brings it into better
agreement with HENDERSON’s® calorimetric value, of 165 4-8 Mev.

The errors in all these calculations linking the mass, ionisation, and calori-
metric measurements are still rather large, but it is clear that there is no reason
to suspect any unexplainable discrepancy between the various experiments.
Several hypotheses have beer. advanc:d in the past to account for the supposed
differences, for instance that all the prompt neutrons are emitted from one of
the fragments*. It now appears that there is no significant difference between
the different measurements of the distributions of the fragments, and that
hypotheses about the fission process itself cannot expect any support from
experiments of the accuracy at present feasible.

(8.5) The distribution of nuclear charge in fission

There does not appear to be any direct physical method for determining
the nuclear charge of a primary fission fragment. Both of the two fragments
formed in fission carry away a large proportion of their orbital electrons with
them. The residual charge on each of the fragments is in fact only about 20e,
and this is rapidly decreased as the velocity of the fragment is reduced?.
For this reason physical measurements, such as those depending upon the
curvature in a magnetic field, do not give results which are directly related
to the atomic number of the fragment.

Such experimental evidence as exists concerning the division of nuclear
charge in fission is thercfore almost entirely chemical, and involves attempts
to measure the primary fission yields. Before summarising this evidence we
shall mention certain postulates which have been put forward to forecast the
division of charge. In this connection we shall use the symbol Z, to represent
the most stable charge for a given mass number and Zp for the most probable
charge of the primary fission product.

® See footnote on p 151.
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(&) The postulate of unchanged charge distribution follows from the simplest
form of the liquid drop model, and assumes that the charge divides in the
same ratio as the mass. Thus the most probable charge Zp of all the primary
fragments from U2, should be 92.4/233'5 where A is the mass-number of the
fragment. This postulate predicts longer average disintegration chains for the
heavy fragment than for the light.

(b) The postulate of minimum potential energy put forward by Way and
WIGNER %, 7 depends upon the supposition that during the nuclear agitation
which precedes fission the charges rearrange themselves in such a way as to

65 /‘
/ 4
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Y LIE
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make the potential energy a minimum. This energy consists of the binding
energy of the fragments and of the electrostatic energy due to their mutual
repulsion. The former is calculated from the semi-empirical formula, using
Bonr and WHEELER's values for the constants, and the latter from the energy
of two charged spheres in contact.

(c) PRESENT’s theory of unequal charge distribution is calculated, for spherical
fragments in contact, on the basis of a general model in which the distribution
of charge in the nucleus is not uniform®, The mutual repulsion of the protons
causes them to spread outwards towards the surface of the nucleus, and results
in the smaller fragment of an asymmetric fission having a greater ratio of
charge to mass than the larger.

(d) The postulate of equal chain lengths, or of equal charge displacement, was
put forward on purely empirical grounds by GLENDENIN, CoRYELL and

Epwarps®. According to this postulate the value of Z, —Z, is constant for
all values of A.
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The predictions of the various postulates are shown diagramatically in
Fig. 14, the numerical values for which were obtained from GLENDENIN?.

The chemical evidence comes chiefly from three sources. First there are
the independent yields of shielded isofopes, Brs2, Rb® and Cs!*. These yields
can be measured with comparative ease because stable isobars exist, which
prevent the formation of the shielded isotope by decay from other members
of the chain. Secondly, there are the results of experiments in which the fissile
material in solution is exposed to a neutron flux while an inert gas is passed
through the solution. Those fission pro-
ducts which are noble gases, Kr and Xe, Table 12—Independent yields of
are swept out of the solution, and it some primary fission products.
is therefore possible to estimate the pro- [The yield is from U5 (n,f)
portion of the chain yield which precedes unless otherwise stated]

and includes the noble gases. The chains Lsotope | Independent. yield, % | Referencs
to which this type of experiment applies ——-——
are indicated in Fig. 14, from which it B (4:1+0-5) x 10-5 n
will be apparent that the higher the mass Rbss 3-1x107% 0
number of the chain the earlier it is inter- Rb* fg x ig:: :
rupted by the rare gas sweeping experi- (from Pu) x
ment, and the smaller the swept yield will v < 2.8% 108 n
be. Finally there are a few instances in 1 05 ”
which the independent yields can be deter-  I'*¢ 0-9 "

. . . . .l Nboe 57% 104 7
mined directly, after a short irradiation. -

| . (Cglse 6-2 X103 70

The effects of prior members of the chain 57 % 10-8 n
must be corrected for, from the known half-  (giss 8:0%x 102 b
lives and yields. The method is especially  (from Pu) 1.9x1072 | ©
suitable for nuclides whose immediate pre- Fm'** 10~ "

decessors in the chain have long half-lives.

It is not desirable here to attempt to criticise the chemical experiments,
or to indicate the detailed arguments used. We shall therefore be content to
present some recent data on the independent yields in Table 12.

The evidence of thesc independent yields is quite inadequate for the purpose
of determining exactly the distribution of nuclear charge, for the isotopes
concerned (sce Fig. 14) are all on one side of the region where the most abun-
dant primary fission products are supposed to be formed, and are scattered
over a wide range of mass numbers. It is usual to arrange the data by assuming
that the distribution of direct yields is symmetrical about the line of Zp,
and that its width is independent of A. It is then possible to see which of
the four postulates referred to above gives the most self-consistent curve.
Diagrams of this type have been prepared by GLENDENIN, both for the in-
dependent yields and for gas-sweeping experiments. The example shown in
Fig. 15 was prepared by Coox™. The fourth postulate, of equal chain lengths,
is usually considered to give the best account of the observations, and is at
the same time the simplest *.

¢ Further discussion will be found in the reports by GLENDENIN", and WAY and DISMUKE %,

143



NUCLEAR FISSION

The chemical evidence, as will be seen from Fig. 15 points to the existence
of fission chains with about six members. The independent yields appear to
fall away very steeply on each side of the centre of the chain, in contrast to
the wide distribution in the mass of the products.

BRrUNTON? has attempted to relate the spread in the measured energy of
the primary fission fragments (§ 3.2) to the distribution of charge in fission.
The energy spread may be attributed either to fluctuations in the numbers
and energies of the prompt neutrons, or to variations in the atomic numbers
of the primary fragments, and
hence to their binding energies.
- 7 N BRUNTON examined the conse-
quences of the assumption that
the entire spread is due to varia-
tions in Z, although, as he points
out, it is more probable that the
correct answer lics between the
two extremes. Using reasonable
values for the binding energies
and kinetic energies of the prompt
neutrons, and for the energies of
the prompt y-rays, and employing
i \’_'4 the semi-empirical binding energy

formula in & form due to FEEN-
BERG", he calculates the charge
distributions. The result is in
\ direct contradiction to the che-
5 ,’ \ mical evidence which has been
- 7 Ry ! summarised above. For instance
-7 = -7 g 7 l J  the conjugate pair of fragments
Charge displacemen, 22y A= % gA,, 214 exhib%tl: two

Fig 15. (S8upplied by G.B.Coox ) Independent fissjon yields ’ . .
fitted to the postulates of GLENDENIN (-)and of PRESENT(c).  Separate maxima, according to
BRUNTON, for the most probable
charge. These are at Z;, =35, Zy =57, and Z; =41, Z; =51, in contrast to
the single maximum near Z; = 38, Zy = 54, predicted by the chemical
evidence. The theoretical results of BRUNTON are inherently less probable
than the indications of the chemical yields. They would, in any case, have
to be modified if LeacaMaN’s value (§ 3.4) for the total kinetic energy of

the fragments were adopted.
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4. THE RANGES OoF THE Fi1ssioN FRAGMENTS

The ranges and other properties of the fission fragments might be more properly
discussed under the heading of the Passage of Charged Particles through
Matter?. 77 than in an article on the fission process. A knowledge of the
ranges is however so often required in experiments on fission that it will be
convenient to summarise some of the experimental results.
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It was shown theoretically, particularly by Bour?. 77, that the range may
be divided into two parts over which the mechanisms of energy loss are quite
different. In the first part of the range the fragment is very highly ionised,
and the loss of energy takes place mainly through excitation and ionisation
of the atoms of the medium *. The total charge of the fragment is determined
by a process of capture and loss of electrons, equlibrium being set up when the
most loosely bound orbital electrons of the fragment have velocities comparable
with the translational velocity of the fragment through the medium. The frag-
ments each start with effective charges of about 22 e, where e is the electronic
charge? ™ but as they lose velocity their effective charge is reduced, and
consequently their ionising power also decreases. Eventually the fragment
becomes almost completely neutralised and the rate of loss of energy is very
small, even though, due to their large masses, the fragments still possess
energies of several Mev. During the last part of the range the fragments are
supposed to lose energy by nuclear collisions, in which energy is imparted to
the stopping atom as a whole.

The equation governing the velocity decrease with range of the fragment,
derived on classical grounds by BoHR is

%23

(23)2et
S —=2n N’* o Lot 2aN SRS L, (5)

dR

where N is the number of stopning ator ¢ per cc; z, ¢, z,¢, m, , m, are the charges
and masses of the fragment and the stopping atom respectively; z{'e is the
effective charge of the fragment in ionic collisions; x4 and e are the mass and
charge of the electron; L, is the logarithmic term in electronic stopping formula,
which is approximately proportional to » for heavy substances; L, is the loga-
rithmic term in the nuclear stopping formula, which can be taken as constant.

The first term on the right hand side is dominant when v > v, = 27 e?/h,
the velocity of an electron in the first BoHR orbit of the hydrogen atom.
Since 2§ o v/v, and L, o v we see that the rate of loss of velocity at the beginning
of the range is approximately constant. In the latter part of the range when
¥ < v,, the sccond term is dominant and the rate of loss of velocity is propor-
tional to 1/v3.

As a result of these two processes the curves for the energy loss along the
range are as shown in Fig.16a and b, which are due to LasseN. The initial
comparatively steep fall in the curve corresponds to the period during which
the energy is mainly lost by ionisation. This portion of the range can be extra-
polated to give an extrapolated fission range Rp, which can be readily
calculated? in terms of the range R, of an «-particle of the same initial velo-
city v,:

Rg|R, = 5(m,/2}) (vo/v,)%. (6)

This extrapolated range is particularly useful in calculating the initial energy
loss of the fragment.

* There are however some direct collisions with the atoms of the stopping material, and these account
for the short branch tracks observed in cloud chamber photographs.

10 Progress in Nuclear Physics, Vol. 2 145
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The second small maximum in the curve representing the rate of energy loss
is due to the effect of nuclear collisions. The experimental results are in good
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Fig. 16(a) and (b). Energy loss of fission fragments along their range. (LASSEN?.)

general agreement with the theoretical predictions. In particular the path
travelled by the fragment during this last part of the range increases as the
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mass number of the stopping material is decreased. The behaviour of hydrogen
however is unique owing to its abnormally small value of m/z.

Experimental values for the ranges of the fragments in air have been publish-
ed by BeaGILp, MINNHAGEN and NIELSEN®, who made the measurements by
means of a cloud chamber, in which only small corrections are neccssary for the
stopping power of the gas. Their values for the mean ranges are given in
Table 13.

Table 13—Ranges of fission fragments in various gases (mm)

(Ref ) Mean | _ {Mfgml neulron emillers: Br*? and 1" (Ref.*)
range in air M, ! D, ' He ' air A
- |
Light fragment . .| 254 | 960 | 995 137 238 | 252
Heavy fragment 19-5 76-0 80-0 116 187 18-6
(Total range) . . . 44-9 I |

Note* The delayed neutron emitters are listed here as Br*’ and I'¥, since these are the isotopes which
actually travel through the gas.

In previous experiments BoGeILD, ARRGE and SIGURGEIRSSONS! had
investigated the fragment ranges in D,, H,, He, A and Xe. CAMPBELL,
Goop and STRAUSER® have measured the ranges of two delayed neutron
emitters and their values are included

in table 13. 30 T T 1

KaTcorr, MisxEL and STANLEY 82 _\ ° :mynmm/f c”;:/;l/e

. o Assignment pro
made direct measurements of the s |« assignment facittated o
mean and extrapolated ranges of 326 | ronge meosurement
plutonium fission fragments of twenty 3 0y 1
known masses. The collimated frag- <3 .
ining S22 e 1

ments passed along a tube containing £ l
a known pressure of air and were S N
stopped in a series of thin laquer =
films. These were analysed radio- 7% 0 20 7o %0
chemically for individual fission frag- Mass number

ments, and the activities plotted Fig. 17. Extrapolated range in air (760 mm 15° C)
of Pu fission fragments, as a function of mass

against the distance travelled. Fig.17 (KATCOFF, MISKEL & STANLEY ™.)

shows the extrapolated ranges plotted

against the mass number of the fragment*. The straggling of the fragments

can also be estimated by this means; it is about 5%, which is in reasonable

agreement with theoretical predictions.

SEerE and WIEGAND®® and Suzor® have investigated the ranges of the
fragments from U3 in collodion, cellulose acetate, aluminium, copper, silver
and gold, by different methods. The first used both ionisation chambers, and
also the method of measuring the activity on catcher foils. Suzor used a chemi-
cal method in which the activities of Te!32, Mo and Zr% were measured in a

* The two broad peaks on the curve can be interpreted as indicating that the kinetic energy of fission is
a maximum when the mass-ratio of the fragments is 1-2.
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series of thin foils. In both cases the ranges were compared with those of
Po a-particles (4-66 Mev). Both experiments show that the stopping powers
of all the substances, except those containing hydrogen, are nearly equal to
the values for a-particles of 4-5-4-6 Mev (see Table 14). This fact can therefore
be used to make approximate calculations of the range in any material.

Table 14—Relative mass stopping power (u) and atomic stopping power (3)
for various substances

Fussion fragments
4-66 Mev
Sub: .
slance o-particle SEGRE and WIEGAND | Suzor
Collodion n =138 #==170 |
Cellulose acetate ¢ p=1604-0-03
Al n=s8=1 pn=:8=1 i p=¢8=1
Cu u=0-69 u=0-66 | @=0-5940-01
8=1-62 8§ =152 | §=139
r
Ag u=0-51 u =055 . #=0524001
8=2-04 8 =2-20 8 == 2-08
Au n=0-36 u=0-34 ' p = 0-354-0-005
8 =262 8=~ 2:48 8 = 2-56

The ranges of the fragments in photographic emulsions have been
measured by a number of workers, some of whose results are further
referred to in §9. DEMERS!S and VieNERON®E have measured the ranges of the
separate fragments, for which
it in necessary to mark the
point of origin of the tracks.

Table 15—Ranges of fission fragments in
photographic emulsions

DEMERS VIGNERON DeMERS accomplished this by
(own emulsion) (Ilford E,) . .
n u means of a thin sandwich
T ]—” T of uranium-bearing compound
Heavy fragment . . | 11-2 ' 10-4 between two layers of emul-
Light fragment . . 14-4 13-4 sion. VIGNERON used small
Total . . . . . .. | w5 | m ' ¢

particles of an insoluble ura-

nium compound embedded in
the emulsion. Their results, which are not necessarily contradictory, since
different emulsions were employed, are given in Table 15.

5. EmissioN oF NEUTRONS AND y-Ravs 1N Fission
The published data on the number of neutrons emitted in the slow neutron
fission of U235, and on their energy distribution, was summarised by Boyer and
TITTLE® in 1949. In the official release!® of May 1952 the average number
of prompt neutrons (¥) emitted per thermal fission is stated to be 2-5 4-0-1, and
their energy is stated to be distributed according to the formula *

N(E)dE =exp(—E)sinh }/2EdE. (n

* The details of some of the experimental evidence have been received since this was written. See
ref. 87a.
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The value » for fast fission of U238 is given as 2-55 and that for slow neutron
of Puz® ag 3-040-1.

The delayed neutrons from fission originate when one of the fission frag-
ments i8 formed in so highly excited a state that neutron emission is possible.
Since the latter process is practically instantaneous the neutron appears to
have the period of the preceding f-decay. For instance Bré? decays to Kr®
which emits a neutron in a small percentage of cases. It is a common practice
to refer to the former isotope as the delayed neutron emitter, but this is.
strictly speaking, inaccurate.

The delayed neutron emitters have been investigated by a number of
workers. The physical methods used by all the experimenters are similar, and
consist in irradiating a specimen of the fissile element for a convenient period,

Table 16—Delayed neutrons from thermal fission of U235

Half ! Yued, reativ (o total E:(f,'é:/,:f},‘d Chemical wlentification
55-6 0025 | 280 Kr¥"  (Ref.®)
220 | 0166 . 560 Xel? (Ref. )
451 l 0213 430 Kr  (Ref.%)
152 | 0-241 620

043 0085 420

(0-05) | (0-025)

| “Total (766 | |

and plotting a neutron decay curve, which is analysed into components.
Huenges, Dasss, CanN and HALL® used a machine familiarly known as the
“rabbit”, a cartridge containing several grams of enriched uranium which
could be impelled rapidly into the thermal column of a pile, by compressed
carbon dioxide. After a suitable period of irradiation, depending upon the
half-life of the delayed neutron period being studicd, the cartridge was shot
out of the thermal column into a paraffin block containing & BFy counter.

The total absolute yields of delayed ncutrons were measured by a device
known as the “guillotine ”’, by which a neutron beam from the pile was allowed
to fall on a piece of uranium metal and then suddenly interrupted. The delayed
neutron activity could then be extrapolated back to the instant at which the
beam was interrupted. The half-lives and yields obtained by HUGHES et al.
for the five main delayed neutron emitters are given in Table 16, together
with the chemical identification of some of the periods by other authors.

Investigations of the slow neutron fission® of Pu2® and the fast neutron
fission®2, 93 of U and Th?2 have shown that the five main activities all have
the same half-lives as those from U2, within experimental error. The total
yield of delayed neutrons from Pu?® appears to be about half that from U23,
The total yield from fast neutron fission of U238 and Th2%2 appears to be 3—4 times
that of U2%. There are variations in the relative yields of the separate periods,
which may be related to the energy of the neutrons causing fission.
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DE HorrmaN, FELD and STEIN® irradiated U2 for a period of ahout
10 millisec in an apparatus known as the ‘“dragon,” which was built by
FriscH. This consisted of a hollow cylinder of active material (a mixture of
U5 and a moderator) large enough to be nearly critical, through which a slug
of active material was allowed to fall. While the slug was in the cylinder the
chain reaction was capable of being maintained by prompt neutrons and
provided an intense burst, lasting about 10 millisec and containing about
10" neutrons. The slug and the cylinder both became active, and the decay
in their neutron cmission could be measured. Besides the five main periods
listed in Table 16 there were indications of a 6 millisec period which appeared
to contribute about 2% to the total number of delayed neutrons.

SnypER and WiLL1aMs® have investigated very short time delays in the
‘“‘prompt”’ neutrons by a method depending upon the velocity of the fission
fragment. A foil of uranium, enriched in U3, was wrapped round a large,
paraffin-lined, proportional counter which detected fast neutrons by proton
recoils. This was enclosed by a cylindrical space about 3-5 em across, which
could either be evacuated or filled with propanc gas. The whole apparatus
was placed in a slow neutron flux. When the space was evacuated about half
the fragments crossed it in a time of the order of 5 X 10~® sec, and came to
rest on the outer wall. Neutrons emitted from this position were counted with
reduced efficiency because of the smaller solid angle subtended by the counter.
When the space was filled with gas all the fragments were stopped near the
counter, and neutrons emitted from them were counted with greater efficiency.
It was in fact possible to detect & difference in the counting rate, in the two
experiments, from which it was concluded that 3:6 +-2:8% of the neutrons
were emitted from the fragments after delays of at lcast 8 X 10-? sec; this is
partly accounted for by the known delayed neutrons.

The prompt p-rays from fission have been investigated by Kinsey, HANNA
and VAN PATTER? by means of coincidence measurements between a fission
chamber and y-sensitive Geiger-Miiller counters. The resolving time was
of the order of one microsecond, which defines the meaning of the word
“prompt’’ in the experiment. The total energy of the y-radiation emitted
was found by calibrating the counters against standardised sources of Th C’
(262 Mev) and Co® (1-1 and 1-3 Mev). The quantum energy of the radiation
was estimated by finding the absorption coefficients for the secondary electrons
produced in aluminium, and also by measuring the attenuation of the
original radiation in lead. The experiments indicated that the total energy
of y-radiation is 4:6 4-10 Mev per fission and that the average quantum
energy is of the order of 2:5 Mev. There are indications of a soft component
of about 500kev.

Rose and WriLsoN have repeated these measurements in connection with
their work on the angular distribution of the y-radiation (§ 6). They find that
the total y-ray energy is 5-2 4-0-5 Mev per fission. They conclude that about
six ‘“prompt” p-rays are emitted per fission, with a wide distribution of
energies, extending at least up to 2§ Mev.
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6. ANGULAR CORRELATIONS BETWEEN THE DIRECTIONS OoF EMISSION OF
NEUTRONS AND 9-RAYS, AND THAT OF THE FRAGMENTS
Experiments on the angular distributions of the prompt neutrons and y-rays
are difficult because detectors of these radiations have a comparatively low

efficiency, and most of the results in this field are rather inconclusive.

WiLson? investigated the directional properties of the neutrons with
respect to the fragments. The source was a U235 foil in a slow neutron beam.
The fragments were detected by a simple parallel plate ionisation chamber,
and were collimated within cones of about 5° semi-angle, by a perforated plate.
The neutrons were detected by proton recoils in a group of paraffin-lined
proportional counters, which could be moved with respect to the ionisation
chamber, in order to measure the neutron intensity in different directions.
Coincidences between the fission fragments and the neutrons were measured.
The coincidence rate was very low, being about 1 x 10~ of the fission rate.

The number of coincidences was about five times as great when the detector
was in the line of the fragments as when it was at right angles. The statistical
accuracy was not great enough to justify a plot of the angular distribution
of the neutrons, but the results were consistent with the hypothesis of iso-
tropic evaporation of the neutrons from the moving fragments.

D BeENEDETTI, FRANCIS, PRESTON and BoNNER® have investigated the
angular dependence of coincidences between fission neutrons, without any
knowledge of the direction of the fragments, and their experiment is therefore
complementary to WILSON's A bean. of slow neutrons struck a foil bearing
U2, Two neutron-sensitive proportional counters situated in a plane through
the foil, at right angles to the beam, could be rotated with respect to each other.
The fast neutrons from the uranium foil passed along the axes of these counters,
each of which contained 20 polythene films perpendicular to the wire. The
sensitivity to Po-a-Be neutrons was about 1%, and the discrimination against
y-radiation was good. Coincidences between neutrons in the two counters
were detected by a circuit having a resolving time of 0-3 usec. The random
coincidence rate was greater than the effect to be studied, but the resolving
time could not be reduced because of delays in the firing of the proportional
counters. The coincidence rate was measured with the counters at 30°, 60°.
90°, 135° and 180° to each other. It was approximately constant for angles
between 0° and 90°, and increased by a factor of about 2 between 90° and 180°.
If it is assumed that the directional effect is due to the emission of neutrons
from the moving fragments, the experiment indicates that at least twice as
many neutron pairs originate from opposite fragments as from the same
fragment. The alternative is to assume that pairs of neutrons are emitted
preferentially in opposite directions from the same fragment, which is inherently
improbable *.

It is interesting to note that PrIErLs®™® has laid down certain criteria
which must be obeyed by any distribution in energy of neutrons which are

* FRASER *® has published a preliminary report of experiments on the angular distribution of prompt
neutrons from the slow neutron fission of Pu*?®. The ratio of the ncutrons emitted in the directions of the
light and heavy fragments is 1-72  0-00. It appears from these experiments that the hght fragment emits
about 30% more neutrons than the heavy.
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emitted isotropically from the moving fragments, and that the energy distribu-
tion of eq.(7) appears to be consistent with these.

The angular distribution of the prompt y-rays from the slow neutron fission
of U235 has been investigated by Rose and WiLsoN 19, The source was & foil of
U gituated in a slow neutron beam. A proportional counter detected those
fragments which were emitted in a cone of semi-angle approximately 20°.
and the bias could be set so that it detected either both the fragments or only
the light fragment. The coincident y-rays were detected by a sodium iodide
scintillation detector, which could be rotated with respect to the direction
of the fission fragment. Small corrections were necessary for scattering of
the y-rays by the metal parts of the apparatus.

Significant variations in the coincidence rate were found as the angle be-
tween the y-ray detector and the fragment was changed. In the first place
there was a fairly sharp maximum when the y-ray detector was behind the
proportional counter. This was interpreted as being due to delaycd y-rays
(half-life ~0-1 u-sec) emitted from fragments stopped in the counter. After
this peak had been subtracted there were still variations of the order of 20%
in the p-ray intensity as a function of energy, which could be expressed by
the expansion (14 a cos - b cos?6). The simplest interpretation of a cos 0
term of this magnitude is that the fragment which goes into the foil radiates
after it has come to rest, while the other fragment radiates before it has
slowed down appreciably. The sign of the cos? 6 term means that rather more
y-rays are emitted in the line of the fission fragments than at right angles.

7. SpoNTANEOUS FIsSsION
(7.1) Experimental conditions
Spontaneous fission, predicted theoretically by Boar and WHEELER, was
discovered experimentally, in uranium, by FrLerov and PeTRZHAK!!, who

showed that the phenomenon was very rare, and that it was not attributable
to cosmic radiation, or to any known external cause.

There are two chief difficulties in experiments on this phenomenon, which
are to some extent connected with cach other. The first is due to the slow
rate of spontaneous fission in all except a few of the transuranic nuclides. The
second is due to the fact that the fissions must nearly always be measured
against a heavy background of «-particles.

The majority of the experiments have been made with ionisation chambers,
in which case the background of jonisation from the «-particles is a limiting
factor. The pulses generated by single a-particles are five to ten times smaller
than those of the least energetic fission fragment which it is desired to observe.
Nevertheless if there is a finite chance of the fluctuation in the background
of a-activity being as large as a fission pulse, the experiment is impossible.
For this reason, even when the resolving time of the chamber and amplifier
are reduced to a minimum, it is still impossible to observe fissions against
a background of more than a few millicuries of a-particles. This, for instance,
in the case of an a-emitter with a half life of about a year, represents only a few
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micrograms of material*. Thus even though the spontaneous fission rate may
be high, the actual counting rate may be very small, and long periods of observa-
tion may be necessary. For this reason it is, in many cases, impossible to do
more than quote an upper limit for the spontaneous fission rate, indicating that
no fissions have been observed during a certain period.

A very good method of reducing the effect of the a-particle background
is to observe only the first part of the tracks!, for the fission fragments
ionise more heavily at the beginning of their ranges, and the «-particles at the
ends of theirs.

Owing to the slow rate of counting it is necessary to have electronic appa-
ratus in which no spurious pulses are generated. For this reason battery
operated ionisation chambers and amplifiers are usually employed!®, and
these are especially shielded from electrical disturbances. Mains driven
apparatus, which is in many respects more convenient, can be used for the
faster counting rates (down to about one count per day) if it is driven from
a separate generator and if electrolytic condensers are not used in the early
stages of the amplifiers!®. It is also necessary in some cases to shield the
fissile material against cosmic ray neutrons.

Photographic emulsions, loaded with the element to be investigated, have
also been employed for the detection of spontaneous fission. When this techni-
que is used it is necessary to prepare an image free from o-particle tracks.
This can be done either by using an emulsion which is only sensitive to the
heavy fission tracks, or by bleaching, or by the use of selective developers.
Whichever method is used, all the detail of the fission tracks is lost195, The
labour of searching for the rare fission events may be very great. The results
obtained by this method have, in fact, nearly all been superseded by better
experiments performed with ionisation chambers.

(7.2) Spontaneous fission rates

The spontaneous fission rates of nearly twenty nuclides have been measured
by counting methods, most of them at the Los Alamos laboratory by SEGRE,
CBEAMBERLAIN, FARWELL, JUNGERMAN and WIEGAND. The results of these
experiments, and those of several other workers have been summarised by
SEGRE®, and are included in the following table.

In Fig.18 the spontaneous fission rates are plotted!%=>, on a semi-loga-
rithmic scale, against the parameter Z2/A4. It will be observed that, with the
exception of U4, all the points for the even-even isotopes lie upon a line of
very low curvature. The exceptional behaviour of U2 is so striking as to
suggest that further work upon it would be worth while. Experiments upon
the even-odd and odd-even isotopes are more difficult because the spontaneous
fission rates are so low, and the experimental results are correspondingly
more scanty. The points for these isotopes do appear to lie upon two curves.

* In such cases a-particle counting may be the only practicable method of measuring the amount of
material present, and the accuracy of the result depends upon a knowledge of the x-half life. Another method
is to put the specimen in & known ncutron flux, in which case it is necessary to know the fission cross-section.
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Table 17—Spontaneous fission rates. (The estimated errors are those of the

original authors)

Nuctide | Eusions | Hours of | g5y by of bservation
Ra?2¢ 2

Thie 2 1326 145
Thes 178 | 6300 1202

Pa2l 11 - 2200 0-62

2 3, 950 5% 10
1233 1 1050 135

Uz 0 3370 34 X 1072
Va4 0 313 1:25 x 1073
Uss ' (see note * below)
28 . (see note * below)
Np»? 6 1480 | 111
Np2# 0 146 | 2-5 % 108
Pu2s 144 833 1 19 X 1076 **
Pu® 12 10000 0-33
Am2t 3 2700 t (1-6 X 107%)}
Cmﬂl ‘

Fissions per gm per sec Reference
<06 108
<3-8x 10 103
4-2x 1078 103
5x 1073 103
16 108
< 2% 104 103
<9 x10-3 103
<0-4 107
(3:04+1.7)x10-¢ | 108
(6:904-0-24) x 10~3 | 108
= 1.4x1073 103
<11 103
2-14 X 103 ** 103
1-0 X 102 103
(46)t 103
(7-56 4 0-2) x 108 108

* The rates for U and U are calculated from the results of a number of experiments with mixtures
of varying isotopic composition.
** Based upon a half-life for a-decay of 60 yeais. The current value 18 90 years, and the spontancous
fission rate should be reduced in proportion.
+ The half-life for a-decay is quoted in the original paper as 40 years, whereas the accepted values are
400-500 years. We have assumed that this is a mispriut.
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Fig. 18. Spontaneous fission rates as a function of Z2/A4. (A point with an arrow indicates an upper hmt.)

(7.3) Neutron and y-ray emission in spontaneous fission

The greater part of the work upon neutron emission in spontaneous fission
has been summarised by SEGrE!. The neutrons were first detected by
Fzrmi, by observations on the neutron density in a pile just below the critical
size. According to SEGRE the best value is obtained from a similar experiment
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in the Clinton pile, which gives for uranium (238) a value of (1-5 +0-15) x 10-2
neutrons per gram per second. This is in good agreement with several in-
dependent observations made with BF; counters, of which work Secr gives
4 summary. More recently LITTLER!® has made an experiment on the Gleep
pile at Harwell, using, for comparison, a source calibrated by the sensitive
“pile oscillator”” method, and finds a value of (1-65 4-0-1) X 10-2 neutrons per
second per gram of U*®. It should be pointed out that part of the charge
of the Gleep pile is uranium oxide, so that if any O(«, ») reactions took place
the apparent neutron emission would be increased. However, measurements on
the neutron emission of oxygen when subjected to bombardment by polonium
a-particles!l®, show that this effect would be negligible. We may therefore
take LiTTLER’S velue for the neutron emission with SEGr#’s for the spontaneous
fission rate, from which we obtain the number of neutrons per fission

(U28) — 2.4 1 0-2.

The emission of neutrons from thorium was measured by Posg!!l, This
measurement is considerably more difficult than the corresponding experiment
with uranium, and is probably in error, because the result is 0-24 x 10-3
neutrons per gram per second (according to SEGRE’s recalculation of the results)
leading to »(Th®?2) = 57, which seems higher than is probable.

Barcray, GavBraitH and WHITEHOUSE!!!* give a ratio of the neutron
emissions from the spontaneous fission of natural uranium and thorium of
(153 4-10%). Using LiTTLEx’s valuc ior the neutron emission of uranium
we obtain a value of about 1-08 X 10-4 ncutrons per gram per second from
thorium. Combining this with SEGRY's value for the spontaneous fission rate
we obtain »(Th2?32) = 2.6 4-0-3.

There is no quantitative information about the prompt y-rays from spontan-
cous fission, but they have often been observed, and appear to have about
the same energy and relative intensity as those from neutron-induced fission.

(7.4)  The mass and cnergy distribution of the fragments from spontaneous fission
Some very interesting results have been obtained by MacNamara and
THrODE?, by means of mass spectrographic analysis of the rare gases in uranium
minerals, which give information about the mass distribution of the fission
products from spontaneous fission. Their curve, which is reproduced in Fig.19,
indicates that the distribution is very similar to that from neutron-induced
fission. Since there is the strongest evidence for assuming that the curve is
symmctrical, the justification for the dotted parts of the curve is stronger
than might be supposed at first sight. MacNamarA and THODE's results do
not give any information about the central minimum of the yield curve, and
it would be interesting to know whether this is deeper than for neutron-
induced fission.

A direct comparison between the energy distribution of the fragments from
spontancous fission of U238 and from neutron-induced fission of U235 has been
made by WHITEROUSE and GALBRAITH!™. The experiment was made in a large
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gridded ion chamber, using about 60 mg of natural uranium spread over
about 675 sq.cm. This thickness was necessary to obtain a spontaneous fission
counting rate of about 0-6 per hour. The spontaneous fissions were observed

with the chamber shielded from cosmic ray
neutrons, and the neutron-induced fissions
were observed, under identical conditions, by
bringing up a neutron source. Both energy

distributions were slightly, but equally, distor-
ted owing to the thickness of the uranium
film. The results are shown in Fig. 20, from
which it will be seen that there is no signi-

ficant difference between the two distribu-
tions.

A similar experiment on Cm2¢2 by HANNA.
Harvey, Moss and TUNNICLIFFE!®® also

yielded two peaks, with maxima at about
95 and 65 Mev, but the statistical accuracy
was less than in the preceding measurements.
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Fig. 190. Mass fission yield from
spontaneous fission of U,
(MACNAMARA & THODR!?,)

L (7.5) Similarity between spontancous and

induced fission
It was at one time thought that the asymmetry
of neutron-induced fission might be related
to the excitation of the nucleus, and that

spontaneous fission might be expected to be symmetrical. This hypothesis is
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excluded by the experiments mentioned above. Experiments on spontaneous
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Fig. 20. Comparison of the energy distributions of the fragments from spontaneous fission (histogram) and
from neutron-induced fission continuous line. (WHITEHOUSE & GALBRAITH!0,)

fission are naturally less accurate than those on induced fission, but they

appear to indicate, unanimously, that the two processes are closely similar if
not identical.
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The measurements of spontaneous fission rates emphasise the inadequacies
of the liquid drop theory of fission, and of simple ideas of barrier penetration.
These offer no explanation of those wide divergences in behaviour between
neighbouring isotopes, which appear to be connected with the exact numbers
of neutrons and protons in the nucleus.

8. FisstoN AND THE SHELL MoDEL oF THE NUCLEUS

It was pointed out briefly by MayEr4, and independently and in more detail
by MEITNER!S, that the asymmetry of fission might have some connection
with the shell model of the nucleus; if more than 132 neutrons are available,
fragments would tend to form with shells of 50 and 82 neutrons respectively.
MEITNER especially stresses the fact that fission of bismuth by fast particles
is predominantly symmetrical; this she attributes to the fact that in this
case there are not enough neutrons. It had been suggested that the difference
lies in the high energy of the particles needed to cause bismuth fission ; however
it is likely that a number of neutrons are evaporated first, and that the ultimate
fission process occurs with little energy to spare, just as in the slow neutron
fission of uranium. On the other hand, it appears somewhat doubtful to
what extent neutron shells can be assumed to be effective in the highly excited
and badly deformed nascent fragments. It had long appeared to be anomalous
that symmetrical fission, for which the ordinary semi-empirical binding
energy formulae predict a maximum totel release of energy, should be approxi-
mately 600 times less probable with slow neutrons, than fission into fragments
with a mass ratio of about 3:2. However the specially stable configurations
of 50 and 82 neutrons or protons, which are among those postulated for the
shell model, are expected to influence both the binding energies and the radii
of nuclei. Irregularities of binding energy of several Mev are in fact indicated
by mass spectrometer measurements, which are, however, not yet completely
reliable in the regions of interest. Variations of energy in the neighbourhood
of the shells containing 126 protons and neutrons can be deduced from the
o-particle energies!’®. These might be sufficient to make asymmetric fission
energetically more favourable3.

The qualitative connection between the shell model and the mass yield
curve is illustrated in Fig. 21, in which the most probable distribution of primary
fission products is shown. This distribution is obtained from the mass yield
curve (Fig.8), making allowance for the prompt neutrons, and estimating
the lengths of the decay chains from GLENDENIN’s postulate of equal charge
displacement (§ 3.5). The limits indicated on the figure are rather arbitrarily
chosen at the points where the fission yields are 1%.

Let us visualise a very broad statistical distribution in mass of the primary
fission products, constrained by the tendency to complete the 50 and 82 shells,
where possible. The lower limit in mass of the heavy group of fragments is
set by both the Z = 50 and N = 82 shells, and the sharp dip in the yield
curve at about 4 = 132 can be attributed to this. The lower limit of mass of
the light fragment can be attributed to the tendency to complete the N =
50 shell, and since only one ‘“magic number” is operating, the slope of the
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yield curve might be expected to be less steep. When we consider that the
yield curve must be symmetrical, we see that a plausible (but no more than
plausible!) explanation has been given for all its main features.

The variation of the mass yield curve with the mass number of the nucleus
which is undergoing fission (Fig. 8) can also be understood in a qualitative
manner by consideration of Fig. 21. The lower slope of the peak representing
the heavy fragment, being associated with two magic numbers, remains very
nearly the same for all three isotopes. In order to preserve symmetry the peak

for the light fragment isobliged to move
,,0[ g upwards if the mass of the original
fissile nucleus is increased. The further

190+ 20 this peak moves from the N = 50 magic
1 number the less steep will we expect the
20 - two outer portions of the yield curve

to be. This also seems to be in accor-
dance with the experimental evidence.

The shellmodel hasalso been invoked
to explain the delaycd neutrons in
fission. We observe first that the two
delayed neutron emitters which have
been identified with the greatest cer-
tainty (K1, Z = 36, N = 51 and Xe!%,
Z = 54, N = 83) both have just one
more neutron than the stable shell.
! The last neutron might therefore be ex-

70

[ NA=106 pected to be particularly loosely bound,
5 " Wost obundant producte and in general, nuclei with 51 or 83
A=85 mf}'"},,',,”,,, fssin neutrons might foim the majority of
P ] ! 11 L the delayed neutron emitters.
wowo 2 ‘g__’” & % GLENDENIN™ has suggested that

Fig. 21. Primary products from high energy and de]a'yed neutron emitters of this type

low encrgy fission. might be responsible for the irregula-

rities in the mass yield curve discovered

by THODE and GrAHAM, and discussed in § 3.1. His explanation is discussed

by Way and DisMukE4 and also by MacNaMara, CoLLiNs and THODES3*.

It gives a qualitative explanation of the anomalous fission yields, but the more
quantitative estimations do not fit the observed data very well.

9. Tue EmissioN oF LigaT NucLer DuriNa Fission
(9.1) The discovery of the particles
The emission of light nuclei of long range in the fission of uranium was noticed

by ALVAREZ (quoted by FARWELL, SEGRE and WiEGAND4), and was investi-
gated by scveral groups of workers in the United States!4: 8, and Canadal1s,

¢ See also GLENDENIN, STEINBERG, INGHRAM and HEss%32, in which evidence is given for a preferential
tendency to form the masses 133-136, and the complementary masses 98—100, in the primary fission process.
‘This {8 supposed to be connccted with the 82 neutron shell.
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but the results were not published until after the war. Independently GREEN
and Livesey?, and TsieN, CHasTEL, Ho and VIGNERON!8 observed the
particles. CasseLs, DaiNTY, FEATHER and GREEN!!® first showed the presence
of a more abundant group of short-range particles. Both these groups have
now been extensively investigated both by the photographic plate technique
and by counting methods. There are still, however, some points of disagree-
ment between the various groups of workers, which will become apparent in
the succeeding paragraphs.

(9.2) The long-range particles
FarweLL, SEarE and WirGAND Y, using a coincidence arrangement and a double
ionisation chamber, found light particles with ranges up to 23 cm of air, and
measured the frequency of their occurrence (Table 18). By measurements of ioni-
sation they showed that the par- g

ticles were probably «-particles, _ ,Ia‘::",::.s's“.[;"um
and this agrees with the majority & " LN e I
of measurements of grain density \5 AL 5 NN
in photographic emulsions 115,118, & d o;:\\ o
117,120,122 TgrN121 however found :Z‘ " N
masses varying from 2 to 9. $ R
A ca,‘reful inv?stigation in pho- 0 7 R m  a—
tographic emulsions of both the Range cmar

long and short range groups was Fig. 22. Range distributions of long range particles
Published by GREEN and LIve- emitted 1n fission. (ALLEN & DEWAN?!??)

sEY 122, and TITTERTON!?® has

studied the tracks of 600,000 fission events. The results of these Herculean
labours have not as yct been published in full, and it is not possible to do
justice to them in this account. Evidence for the emission of long range
particles in the photo-fission of Th and U, by Bremsstrahlung with a maximum
energy of 23 Mev, has been presented by TITTERTON and GowArD!24 and
TirrerTON and BRINCKLEY!%5,

TsiEN and his associates found that the long range particles were not
emitted in the fast fission of thorium and uranium, with neutrons produced by
6-7 Mev deuterons on beryllium. This result appears to be contradicted by
TrrTERTON!26 who found 8 long range particles among 12,000 fissions in
uranium, and 8 among 14,000 fissions in thorium, using 2-5 Mev neutrons
in each case.

Arrex and DEwAN'?? have made a careful study of the long range particles
emitted in the slow neutron fission of U233, U235 and Pu?9, using counting
methods dependent upon two different arrangements of proportional counters,
and upon a double ionisation chamber. They confirm much of the previous
work, but with greater statistical accuracy. They find, by comparison of range
and energy distributions, that all the particles are «-particles, and, in particular,
that no protons are emitted. The range distribution is continuous, and extends
to 50 cm of air, with a broad maximum near 20 cm (Fig. 22). The energy
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distribution of the particles from U2 js fairly symmetrical about 16 Mev, with
a maximum about 26 Mev (Fig. 23).

The energy distribution of the fission fragments coincident with the long-
range «-particles was compared directly with that resulting from normal
binary fission, and the usual two peaks were found, (Fig. 24), the ratio of the
energies of the light and heavy fragments being the same in each case. How-

= T
¥ ] 504 Mev |
N 2 |
[ s W0 92 Mev
g *: VE\ NMW‘
Tl | 1| ot
£ }}{} R N / i |/
S 3 § 80—
N / SN S I A\l S
Em / % Sul- ! ML
s TR AN A
T 3 § 20 5 \
S RYE L )
1 L\Q z \ A
0¥ 8 = ® 20 N X 0 0 0 0 w 0 0 W &
Energy Mev Volts
Fig. 23 Fig. 24

¥ig. 23. Energy distribution of long-range particles emitted in the fission of U%. The broken hne

shows the distribution after correction for absorption in the aluminium foil which was introduced to stop the

fission fragments and natural a-particles. The full circles indicate the values predicted from the range
measurements. (ALLEN & DEWAN'?,)

Fig. 24. Energy distribution of fission fragments. The broken curve represents fragments in coincidence with
long-range a-particles. The solid curve is the normal distribution taken under identical conditions. The
reduced size of the high cnergy peak is an instrumental effect. (ALLRN & DEWAN!??)

ever, when a long range a-particle is emitted, the kinetic energy of the two
heavy fragments is reduced, so that the total kinetic energy is approximately
the same as in binary fission.

ALLEN and DEwAN’s estimates of the frequency of emission of long-range
a-particles is not in agreement with other experiments (Table 18).

The reason for this disagreement is not clear, but as suggested by ALLEN
and DEwWAN it may be due to a differcnt energy distribution in the neutrons

Table 18—Rate of occurrence of long range a-particles emitted in fission

Observers Nuclude l Type of neutron
ALLEN and DEwaN. . | Pu®? | 1in 445436 Pile
ALLEN and DEwan. . | U35 | 1in 6504-30 Thermal
1 in 505 - 50 Pile

ALLEN and Dewan. . | U2 | ]1in 4056430 Pile
TITTERTON . . . . . V3% | 1in 4224 50 Pile
GreEN and Livesey . | U | 1 in 300 Cyclotron produced and slowed down
FARWELL, SEGRE and

WIEGAND . . . . . Pu®® | 1 in 500 Cyclotron produced and slowed down
FARWELL, SEGRE and

WIEGAND . . . . . U | 1in 250 Cyclotron produced and slowed down
DEMERS. . . . . . . .U | 1 in 250 Ra-x-Be slowed down
MARSHALL. . . . . . U™ 1 1in 230 Thermal from pile
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causing the fission. The sources of the neutrons used in the experiments are
indicated in the last column of Table 18, from which it will be obvious that
there is no very obvious correlation between them and the frequency of occur-
rence of a-particles.

The angular distribution of the long range particles was not studied by
ArLEN and DEWAN, but has been investigated several times. TITTERTON!2 hag
probably collected the greatest number of observations, and his results are
accordingly given in Fig. 25. The most probable angle of the light particle
with the direction of the two main fragments is not quite a right angle, but
is inclined towards the track of the lighter, or more energetic fragment. This
is in accordance with the hypothesis that
the three particles are formed simul-
taneously, with low kinetic energy, and
then fly apart under the influence of their
mutual electrostatic repulsions. Tsien12t
has made a detailed analysis of this pro-
cess, using a simplified model consisting
of spheres in contact, and has shown that
the time required for the particles to
separate and attain nearly their full velo- i
city would be less than 10720 sec*, o w6 @ 'z 52

There is no detailed and generally Angle (degrees)
accepted explanation of the formation ¢f  Fig 25. Angular distribution of light, long-

! range particles emitted in the slow neutron
the long-range particles. FEATHER!?S fission of uranium. (TITTERTON!.)
suggested that the a-particle is emitted
from a highly excited fragment whose mass is in one of the regions of
a-instability (Z~40 and Z~60). The very high state of excitation of the
fragment is invoked to explain the emission of the a-particle within so short
a time. According to this view the ratio of the masses of the main fragments,
in coincidence with the «-particles, should be rather larger than that which
is observed, but not sufficiently so to be directly contradicted by the experi-
mental evidence.
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An alternative view is that the a-particle is emitted during the actual
process of fission. It has been compared to the ‘‘plateau droplet” which is
often seen to form in the division of ordinary liquid drops. As the two main
fragments moved further apart, an a-particle in the neck of the dumb-bell
would be accelerated by electrostatic forces, in the manner described by
TsIEN.

(9.3) The short-range particles
The existence of short range particles emitted in the fission process was first
shown by CASSELS et al.!? in an arrangement of two counters at right angles,
one of which detected a fission fragment and the other the particle. It is
difficult to distinguish between a short-range particle emitted in fission and the

* DEMERS, with his “sandwich’’® technique, by which the origin of the fission fragments is Jocated in
the emulsion, has shown experimentally that the a-particle is emitted within 1071 gec.

11 Progress in Nuclear Physics, Vol. 2 161
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recoil of a light atom struck by the fragment. GREEN and Livesey122 however
found, in uranium loaded emulsions, that there were more short tracks branch-
ing from the main track of the fragments near the centre than could be account-
ed for by recoils from the moving fragments. They concluded that genuine
emission of light particles with a range up to 8 mm of air occurred in about 1%
of fissions, and that the particles were emitted preferentially at right angles
to the main fission track, though with a broader distribution than the long
range particles. (See Fig. 26.)

T31EN12! and his collaborators observed light particles of about the same
abundance, but gave 3 cm air equivalent as the maximum range. Since, how-
ever, none of these workers distinguished between the kind of particle emitted
in the two cases, the definition of the 0016

upper limit of the short-range particles I
may perhaps be regarded as arbitrary. N us?
S
20 3 \}.
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Fig. 26. Angular distribution of short-range light Fig. 27. Ranges of short-range particles from U235,

particles. (GREEN & LIVESEY'®.) (ALLEN & DEWAN'®))

MAaRSHALL?0 concluded that the short tracks observed by GREEN and
Livesey were all recoil atoms, but this does not appear to be confirmed by
later work with proportional counters.

ArLEN and DEwaN?? working with two windowless proportional counters,
a geometrical arrangement similar to that of CasskLs ¢t al., studied the ranges
and specific ionisations of the short range particles emitted in the slow neutron
fission of U3 and U2%, They were able to show that the particles were not
recoil atoms from the material in the foil or the gas in the counter. Neither
were they fission fragments scattered back from the source. In order to find
the total abundance of the particles they had to use the angular distribution
of GREEN and LIVESEY, since their observations were confined to one angle.
Their results for U2® indicate that short range particles are emitted with a
frequency of 1 in 76 +8 fissions, and with a maximum range of 8 mm air
equivalent (Fig. 27). The maximum specific ionisation of the particles is at
least ten times as great as for a-particles. For U233 they obtained an abundance
of 1 in 72 46 fissions and a maximum range of 7-4 mm of air.

ArLEN and DEWAN were not able to determine the masses of the particles
from their observations*. Photographic plate evidence is against masses

¢ The figure 12 + 1 attributed to them by TITTERTON and BRINCKLEY I8 a misquotation. If it is assumed

that the maximum initial specific ionization corresponds to the maximum range, then an cstimated mass
of 13 + 4 is obtained. There is little justification for this assumption.
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greater than 12, while the measurements of specific ionisation suggest that
the particles are heavier than a-particles. It seems clear, however, that the
processes of emission of the short and long range particles are quite different.

Gowarp, TiTTERTON and WILKINS® have reported an event, observed in
photographic emulsion, in which it appears probable that a Be? nucleus is
emitted during fission, which immediately breaks up into two «-particles.

10. Fission InTo THREE OR MORE PARTS OF COMPARABLE SIZE
The possibility of true ternary fission into three parts of comparable size was
foreseen on theoretical grounds by Bour and WHEELER®, and by PRESENT
and Kx1pp® 13, From the mass differences it can be shown that the total
energy released in ternary fission should be greater than in binary fission, but
the process was nevertheless expected to be rare.

A phenomenon resembling fission into three or into four approximately equal
parts has been observed by TsEIN and his associates!? and by DEMERS!S, TSEIN
et al. claim these events as genuine ternary and quarternary fissions. TITTER-
TON'%, however, claims that the similar events observed by him are explicable
on the hypothesis that the additional tracks are due to silver or bromine atoms
from the emulsion, recoiling after having been struck by the fission fragments.

The frequency of tripartition of U5 has been investigated by RosEN
and HupsoN13 in a triple pulse ionisation chamber, which was so arranged
that if one fragment from a normal binary fission entered the part of the
chamber designated II, the otler fragiat at could enter either I or ITI but not
both. A coincidence was not recorded unless at least 40 Mev was released
simultaneously in all three portions of the chamber.

Because the phenomenon of tripartition is so rare fast counting rates had
to be used in order to obtain statistically significant results, and there was a
comparatively high probability of two binary fissions occuring within the
resolving time of the apparatus. The confusion between these pairs of binary
fissions and a true triple fission can be reduced by rejecting all events in which
more than 100 Mev is released in part II of the chamber. After all these
precautions the probability of two scparate binary fissions being observed
was high compared to that of a ternary fission. However a linear function
could be found, connecting the triple and single counting rates, which by
extrapolation to zero gave the rate of truc ternary fissions. By this rather
indirect method RoseN and HupsoN obtained a rate for tripartition into three
approximately equal parts of 6-7 4-3-0 per 108 binary fissions.

We have seen that the emission of light nuclei of short range is a compar-
atively common event, occurring in more than 1% of fissions, that the emission
of long range «-particles is comparatively uncommon, and that true ternary
or quaternary fission is extremely rare. It is improbable that the processes
leading to the two groups of light particles are at all similar. It may be, how-
ever, that the emission of the short range light particles is essentially the same
as ternary fission. If penetration of the Coulomb barrier plays any part in
ternary fission, the discrimination in favour of the escape of a particle of small
mass would be very great.
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" 11. Tue CHaRrAoTERISTIOS OF VERY HIGH
: A 7 Exergy Fission
s \ [ Ny Fission produced by very energetic particles,
24— / i '5 which cause a very high degree of excitation
, i ._\ ; i in the nucleus, has certain characteristics of
Fo : ; ' its own. The phenomenon was reported by
sl J ! i PERLMAN, (GOECKERMANN, TEMPLETON and
b Yad mm ) 7 + 1
S 0|4 ! ; — HowrLanp® who observed the presence of
§ 02 ,,' :: ,' I‘. fission products in all the elements from
sl -' ! | bismuth to tantalum after bombardment with
0n : T t very fast meutrons, protons or deuterons.
Z:i | ! \ | The fission of uranium by 380 Mev a-particles
oos}-4 I L] hasbeenstudied by O’CoNNoRand SEABORG!34
o0z ; ‘.f ‘{ and of bismuth and lead with 190 Mev
i \ Y t] deuterons by GoECKERMANN and PERLMAN,
00" 0 20 w0 w0

Mass number
Fig. 28. Fission yields from U with
14 Mev neutrons compared with the
thermal yleld.

using quantitative chemical methods to study
the fission product yields. JuncERMAN and
WRrIGHT® have investigated the fission of
U8 U5 Th»? and Bi?® by 90 Mev and

45 Mev neutrons, using a gridded ionisation chamber to measure the fragment
energies. NEWTON3 has investigated the fission of Th2¥? with 34 Mev
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Fig. 29. Fission yield of thorium with 38 Mev helium jons, compared to that with slow neutrons. (NEWTONY.)

a-particles using chemical methods to detect the mass yield of the products.
In addition there have been a number of experiments with neutrons up to
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about 156 Mev¥, so that the transition between low energy and high energy
fission has been quite thoroughly explored.

The first characteristic of high energy fission is that symmetrical cleavage
of the nucleus is predominant. As the total excitation energy of the prompt
neutron is increased, the central depression

200— I

in the mass yield curve is seen to fill up, 1 g,z
and a single-peaked curve is obtained. 0 T
Fig. 28 shows the yield from the fission 160 ) -
of U2 with 14 Mev neutrons!®, compared " ! U
with that from thermal neutron fission. ¢ Ursmin A%
Fig. 29 shows NEwTON’s chemical yield 5”” i\
curve for the fission of Th*®? by a-particles ~§ % i :
. - . ! [
of 38 Mev. This curve is directly compa- § 4 a1
rable with the preceding, because the £ " / LT
compound nucleus U#® js the same in ! \ \'\
each case. v / |\ l\\
Fig. 30a and b shows some of JUNGER- 20 s/ AN
) . . w | AN
MAN a..nd Wm(%n'r s curves for thfa fission P R By T e A
of various nuclides by neutrons with most Mev
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Fig 30(a). Probable fragment energy distributions for 90 Mev neutrons on U8 U3s5 Th32 gnd Bi®,
(b) Probable fragment energy distributions for 45 Mev neutrons on U338 and Th?3s,
(c) Single fragment distributions, 45 Mev neutrons on Th®®, (From JUNGERMAN & WRIGHTI3!,)

and Fig. 30 c shows one of the histograms on which the curves are based, in order
to enable the reader to estimate the statistical accuracy of the experiment.

Fig. 31 is GoEcKERMANN and PErLMAN’s chemically determined mass
distribution. for the fission of bismuth with 190 Mev deuterons. This curve
shows no sign of a double peak, and the average mass number of the products
is about 4 = 100.

The fission products formed at these high energies are noticeably different
from those obtained in slow neutron fission. The f-decay chains are all short,

* Seo for mnstance FRIEDLANDIS on the fission of UM by 2,6 and 14 Mev neutrons.
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and many stable isotopes are formed as primary products. Further, the lighter
fragments tend to emit §~-particles, but the heavier fragments may be neutron-
deficient and decay by f*-emission or orbital electron capture.

These facts can all be explained in the following manner. It is supposed
that the first stage, after the excitation of the nucleus, is the evaporation of a
number of neutrons. The evaporation of charged particles from nuclei of

such high atomic numbers is relatively
. esrs| improbable. Finally a stage is reached
d \" of »| at which the nucleus, which is still rather

\ highly excited, becomes unstable owing to

\ the increase in the “fission parameter”
Z?%A. Tission then occurs very rapidly
without allowing time for any re-arrange-
ment of the nucleons, so that the charge
and mass divide in the same proportions.
This is in contrast to fissionatlow energies,
in which the Postulate of Unchanged
Charge Distribution (§ 3.5) does not appear
to hold.

The process is illustrated diagrammadti-
cally in Fig. 21 for the compound nucleus
of Bi219, Ten neutrons are supposed to be
evaporated from this nucleus in the first
stage, in order to account for the mean
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of bismuth with 190 Mev dcuterons. . .

(From GOECKERMAN & PERLMAN!®.) primary products are above the stability

line, and have a neutron excess, while the
heavier are below it, and are neutron deficient. The value of Z%/4 for Bi!* is
approximately the same as that for the naturally occurring uranium isotopes.
The hypothesis outlined above leads us to expect that the yield in high energy
fission will decrease with the mass of the isotope which is bombarded, because
the value of Z2/4 is less, and more neutrons have to be evaporated before fission
can occur. This is in accordance with the experiments of GOECKERMANN and
PERLMANN13 who used deuterons to bombard two samples of lead, which had
been enriched in Pb2* and Pb2%¢, The former gave greater fission yields of Mo®
for all deuteron energies, the ratio being 30:1 at 30 Mev and 3-5:1 at 100 Mev.
The same process can be used to explain the results of JUNGERMANN and
WRIGHT on the kinetic energy of the fragments. It has long been realised that
the kinetic energy of the fragments in ordinary asymmetric fission is very
nearly equal to the clectrostatic potential energy at the instant of fission, if
for the purposes of calculation the fragments are treated as spheres in contact.
Thus the kinetic energy in asymmetric fission would be

E, = (2,Z,) é¥r, (Ai + A%)
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where Z,, Z, are the atomic numbers and 4,. 4, the mass numbers of the frag-

ments, and r, is approximately 1-5 X 10723 cm. For high energy symmetric
fission, with neutrons

E, = (Ze/2)4/27, ((A—J + 1)/2)}

where Z and 4 are the atomic and mass number of the original nucleus, and J
is the number of neutrons which evaporate. The ratio E,/E, is 0-88 for bismuth
and uranium respectively according to JUNGERMANN and WRIGHT’s calculation
and 0:94 1+ 0-04 by experiment.

BarzEL and SEABORG!® have given reasons for supposing that medium
weight elements undergo a process which might properly be called fission. They
were investigating the spallation reactions of such elements and found that
a number of relatively heavy radioactive products were formed. For instance
C1* was produced from copper at a bombarding energy insufficient to account
for a true spallation reaction such as Cu®(p, pn 6a)CI®. However a reaction
such as Cu® 4 p—>CI®¥ 4 Al%54-n would have been energetically possible.
They have also observed Na? from Cu, Se%3 4 from Br, Co® from Ag, Na*
and Ga®, 72 from Sn, and Ga®, 72 from Ba. The recoil energies of the products
also support the hypothesis of a process similar to fission. For instance Cr4,
formed from copper has a recoil energy of about 5 Mev even after allowance
has been made for the recoil due to the impinging proton. This is easily ex-
plicable by a reaction such as Cu® + p—Cr%# 4 C2 3. In a true spallation
reaction, in which a number of iighter products were emitted, a very improbable
degree of asymmetry would be required to explain the recoil of the Cr4®
nucleus.

There appears, therefore, to be & more or less continuous series of reactions
between the stars produced by cosmic rays and other energetic particles,
and the familiar process of binary fission.

12. MiSCELLANEOUS EXPERIMENTS

This section will be devoted to a short discussion of certain experiments which
it has been difficult to classify elsewhere and which do not merit extended
treatment.

(12.1) Fission by m~-mesons

Fissions have been observed in photographic plates, loaded with uranyl acetate,
and exposed to slow z~-mesons in the Berkeley cyclotron!4!. According to
theory, the meson is captured by a single proton within the nucleus, leading to
the production of a neutron with an energy of the order of 100 Mev. Momentum
is conserved by the recoil of one or more neighbouring nucleons. Thus we
should expect fission of the uranium nucleus by #~-mesons to be of the same
type as that initiated by high energy particles.

Twenty events were observed, this number being in agreement with the
assumption that all uranium nuclei which capture a 7~-meson undergo fission.
The fission tracks were symmetrical about the point of entry of the meson,
and were approximately the same length as those from neutron induced fissions.
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Three of the events showed the emission of fast light particles, approximately
at right angles to the line of the tracks of the main fragments. These tracks
cannot be due to protons recoiling from the fission fragments and are probably
explicable as recoil particles from the original fast neutron formed by capture
of the meson.

Fission following m~-meson capture is thus, in all probability, almost
exactly similar to very high energy fission induced by energetic particles,
and Mrs. AL-SALEM’s microphotographs appear to be the only visual records
of this process which have been published.

(12.2) The possibility of fission following the capture of u~-mesons

WHEELER!? has forecast, on theoretical grounds, the possibility of fission
occurring as a result of the capture of a y~-meson by a heavy element. After
it is captured the meson will occupy BoHR orbits near the heavy nucleus. The
energy released in the 2s—1s transition in uranium is about 7 Mev*, and if
this were imparted to the nucleus fission might occur. Quite distinct from
this externally induced meson fission is the internally-induced fission which
would be expected to follow the final capture of the meson by the nucleus.
The meson reacts with one of the protons of the nucleus, producing a neutron
and a neutral particle, probably & neutrino (P +4u~—N + »). In this case
most of the energy is carried away by the neutral particle, and the neutron
receives a small fraction, the most probable value being of the order of 15 Mev143,
It therefore seems extremely likely, according to this theory, that heavy nuclei
such as uranium nuclei would undergo fission after capturing a x~-meson.

Fission by p~-mesons, if it exists would be very difficult to observe.
GALBRAITH and WHITEHOUSE!4 have searched for fissions in uranium, in coin-
cidence with penetrating charged cosmic ray particles. They found some fissions
in coincidence with fast protons, but obtained no evidence of fissions in coin-
cidence with u~-mesons. The statistics of the experiment arc, however, so poor
that it is only possible to conclude that the probability of fission following
capture of & y~-meson is less than 0-3.

(12.3) The apparent emission of a meson in fission

An event was observed in one of the uranium loaded plates exposed at the
Berkeley cyclotron, in which a 5 Mev meson and a fast proton were emitted
from a nucleus undergoing fission. The energy released in fission is sufficient
to make the production of a s-meson energetically possible, but the process
is inherently improbable. However, as a result of this observation BRADNER
and BowkER!S searched for z-mesons emitted during fission, with negative
results. They infer that the original event was the direct production of a meson
as the result of a very fast neutron striking & nucleon in uranium. The fission
followed this event and was not directly associated with it.

* This is the figure for the normal nucleus; for the dumb-bell shaped nucleus predicted for the liquid
drop theory of fission, the energy would, according to WHRELER. be reduced by 1 or 2 Mev.
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(12.4) A search for the hypothetical negative proton in fission

The elusive negative proton has been sought for a number of years, especially
by FEATHER™S. One of the possible processes by which it might be formed
is as the alternative to the emission by a fission fragment of a delayed neutron
and a f-particle. If the negative and positive protons have the same mass the
reaction is energetically possible. A number of possible modes of decay of
the hypothetical particle were considered by ScoTT and TITTERTON!4? and it
was concluded that its track would be visible at the end of the track of one
of the fission fragments. Whether the track of the negative proton ended in
a star or not, would depend upon its mode of decay.

In the course of various experiments 6-5 x 105 fission tracks were observed
in photographic emulsions, representing 1-3 X 108 fragments, without any
evidence of a negative proton. It is therefore concluded that the upper limit
to the probability of the emission of a negative proton, as an alternative to
a delayed neutron, is about 1 in 5 x 103,

(12.5) A search for the hypothetical di-neutron in fission

The expected properties of the hypothetical di-neutron have been discussed
by several authors including FEATHER!S, who has suggested that it might be
released in fission. A search for the di-neutron in a graphite pile was made
by FenniNe and Horr!4? who irradiated bismuth and looked for the 2-16 min-
ute a-activity of AcC?1, which might have been formed according to the pro-
posed reaction Bi*®(n? y)AcC*'l. This experiment gave a negative result.
In unfinished experiments FENNING is searching for He® formed by capture
of the hypothetical di-neutron in He?,

(12.6) The time required for fission
The time required for the fission process was investigated in 1939 by FEATHER
by an ingenious method depending upon the recoil of the nucleus after being
struck by a fast neutron!®. He concluded that at least some of the fissions
occurred within 5 X 10712 sec. This experiment does not appear to have been
repeated, with improved accuracy, during the intervening years.

WiLsoN?%! has carried out an experiment which is, in a sense, complement-
ary to FEATHER'’s, which shows that practically all the fissions occur within
1078 sec. He used a recoil method in a double ionisation chamber. If the
uranium nucleus, struck by a fast neutron, had travelled through the gas of
the chamber for longer than 10~ sec before undergoing fission. their fragments
would have been able to penetrate a grid, and coincidences in the two halves of
the chamber would have been observed. WiLsoN was able to conclude that less
than 1 in 5 X 10° fissions were delayed by this time.
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I. INTRODUCTION

States of excitation are, after the charge and mass, among the most
readily perceptible properties of nuclei. Experimental nuclear physics has
always been intimately concerned with the identification and study of excited
states, and there exists to-day a large body of tabulated information, of varying
degrees of reliability, on these states. The obvious analogy between nuclear
states and the excited states of atoms and molecules, with gamma radiation
taking the place of light quanta, suggests the attractive possibility of predicting
the existence and spacing of these nuclear levels in the way that wave mechanics
predicts and describes atomic states. Up to the present this has unfortunately
been impossible owing to the essentially different character of the forces

174



THE THEORETICAL DESCRIPTION OF NUCLEAR SPECTRA

between nucleons from the long range Coulomb forces in the atom. The beauty
of the wave mechanical treatment of simple atoms, and the power of the num-
erical methods which have been developed for the study of atomic wave func-
tions are lacking in attempts to describe nuclear states theoretically. In the
atomic case. there is no difficulty in principle, although there may be compli-
cation and inaccuracy in practical evaluation of term values, but with nuclei
the difficulties are fundamental; we do not know what are the precise forces
between nucleons, nor could we give exact solutions to the wave mechanical
problem with such forces as we suspect that there must be. Yet some theory,
however impcrfect, is of great value to the experimental nuclear physicist,
since it enables him to think of experiments in terms of a model which is
probably not too far wrong, it helps him to avoid pitfalls and saves him much
time in the planning of experiments, and finally, in its relevance to established
experimental results, it plays at least a descriptive if not an explanatory part.

The present article is written primarily from an experimental point of
view. It sets out to review the progress which has been recently made in
methods of studying excited states, and to relate the results of recent experi-
ments to such theoretical predictions as can be profitably discussed. For this
type of discussion it is important that the experimental results should be
accurate and that they should cover a wide range of energy of excitation. The
last few years have brought important advances in both these respects,
together with a clearer appreciation of the sort of information which can be
obtained from a particular type of exp.riment.

The sharp, low lying states of light nuclei (of atomic number up to 10, say)
have, on the whole, been most completely investigated, and the present article
is mainly concerned with these, and particularly with those states of which
a detailed study has been made. The main body of experimental information
(up to August 1950) on the states of excitation of light nuclei is collected in
the article by HoRNYAK, LAURITSEN, MoRRISON and FowLER?, (subsequently
referred to as HLMF'), which gives references to other similar surveys. General
information on nuclear structure and properties is given in the well-known
works by BETHE?2 3, 4, 5, GaMow and CRITCHFIELD®, ROSENFELD?, and MoTT
and MassEy®, while for the particular subject of excited states of nuclei
reference may be made to the monograph by DEvoNs®*,

II. Tiae THEORETICAL DESCRIPTION OF NUCLEAR SPECTRA

It is possible to represent states of excitation of a nucleus in a formal manner
as eigen-functions of the Hamiltonian operator describing the many inter-
acting particles of the nucleus. The invariance properties of the Hamiltonian
show that each state has a definite total angular momentum with quantum
number J and a definite parity or symmetry which may be even () or odd (—).
Calculation of the eigen-values of the system by the methods of quantum

* The author was privileged to see before publication an article by Professor T. LAURITSEN covering
very much the same ground as the present one. This 1s appearing in Vol.T of the Annual Reviews of
Nuclear Science, published by Annual Reviews Inc. Stanford, Ca. The form of the energy level diagrams
in Section V was suggested by Professor LAURITSEN’s article.
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mechanics should give the energies of the ground state and excited states of
the nucleus. Some such calculations have been made for the ground states
of a few simple nuclei, using values for the interaction between nucleons which
have been derived from detailed studies of the two- and three-body problem
or from meson theory. No detailed prediction of excitation levels can how-
ever as yet be obtained by this method, and the direct approach to level spectra
via nuclear forces has had to be discarded, at least temporarily, in favour of
methods based either on the assumption of simplified interactions or on some
particular nuclear model. It is difficult to find a mode of description which
is suitable for all nuclei or even for different aspects of the behaviour of a
Continuum particular nucleus, but each of the several
simplifying assumptions co-ordinates some
particular group of phenomena and provides

\ some point of contact with experiment.
_________ —Dissociation The most important characteristic of the
— e/ P f{orces between nucleons is their short range of
action, of about 10718 cm, which has a very
marked effect on the type of level spectrum
expected. In contrast to the Coulomb forces
operating in the atom, nuclear forces lead to
a level spectrum whose spacing does not tend
to zero as the dissociation limit is approached.
There is no essential difference between the
Short-range Long-rangs bound levels' bel(?w, and t.he virt}ml levels
forces fegCouloms) ~ above, the dissociation limit (cf. Fig. 1), and
Torces nuclei have a finite number of bound levels.
o A From the different energy of the triplet
and singlet states of the deuteron it follows
that the force between neutrons and protons must be partly spin dependent,
and it is clear that the force between two protons must include a Coulomb
repulsion. These two factors must enter into the calculation of nuclear
binding energies, but it is convenient in the first place to neglect them and to
introduce them later as perturbations to the main nuclear forces, which

are then taken to be independent of charge and spin.

The simplifying assumption of complete equality between the specifically
nuclear (np), (nn) and (pp) forces between nucleons in the same state was
made by WIGNER in a general discussion of nuclear levels based on the sym-
metry propertics of the nuclear system. The results of this treatment are
summarised by Wi1GNER and FEENBERG!; it leads to the definition of a total
isotopic spin quantum number 7' (formally analogous to the ordinary spin
quantum number S), whose z-component is equal to half the difference between
the number of neutrons and protons in the nucleus. The quantum number 7'
classifies a set or multiplet of nuclear states of a certain binding energy. The
27T +1 components of this multiplet are isobaric nuclei, each of which has a
state, not necessarily the ground state, of the given binding energy. Parity and
total angular momentum are the same for all the members of the multiplet.

N
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The theory of WiaNER leads to the following important predictions, which
are particularly useful in co-ordinating experimental results for light elements:

(a) Odd isobars; mirror nuclei
The difference in total energy between the ground states of the pairs of
isobars with a neutron excess of 41, such as (HeSLi%) (Li’Be?), should be
accounted for solely by Coulomb repulsion, and the difference in mass between

Table 1—Energy difference between isobars due to Coulomb forces
and neutron-proton mass difference

Nuclev | AE a1 (Mev) i B obs (Mev)®

A. Odd isobars (mirror nuclei)

H3Hed | 0-06 electron emitted (—0-018)
HeSL1® 1 0-62 a-unstable (0)
L?Bo’ | 111 K-capture (0-88)
Be?B? | 1-54 «-unstable (1-09)
Bucn | 1-94 ‘ 1-96
(3N | 2-30 220
N1Q1s 2:63 271
OvFY | 296 2-80
F19Neto 325 306
No?!Na2! 3:57 36
Na28Mp2 g 3-86 3-8
B. Even isobars
HetLi¢ — 054 — - — -
LisBe*  Li*B® 1:02 265 | — 20
Bel°Bl®  BeloCw 143 344 ‘ -— 355
BuCl  BiNi 184 419 } — 42
CHUN4  Ccuou 222 494 ! — 495
N1sQ16 — 2.55 — i — —
O18[18 — 92.89 — J— —_
F20Ne20  F2ONy0 327 679 — 81
NaXMg24 — 3-87 — —_— -

* The values of 4 E ) are taken mainly from the diagrams in HLMF.

neutron and proton. This follows because of the equality assumed between
(nn) and (pp) forces. There should be a similar correspondence between the
excited states of these nuclei, and recent experimental ewvidence (see for
example Li"Be?, C13N13, Section VA) bears this out. The observed and calculated
energy differences for the ground states of the isobaric pairs discussed in Sec-
tion VA are shown in Table 1; the calculated difference (for atomic masses)
is obtained from the formula

AB4y, = AE (Coulomb) — (n — H?)
= BE-)~ -1 (-2~ (- BY
=[0.602 (4 —1) A~3 — 0.78] Mev
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assuming that the nuclear radius is given by R =1:42 x 1013 4} cm where 4
is the mass number (ROSENFELD?, p. 22). The value for (n—H?) is given by
HLMF'!, p. 294. The observed energy differences are mainly taken from the
energy level diagrams given by HLMF and should equal the observed upper
limit of the positron spectrum from the nucleus (Z, 4) together with the
equivalent of two electron masses. The Table shows that the assumption of
symmetric forces is well verified for all but the lightest nuclei, for which the
simple Coulomb calculation is probably invalid; deviations which occur in the
heavier nuclei are probably to be accounted for as a result of some specific
alteration in the nuclear radius R.

The fact that the ground states of the mirror nuclei have the same wave-
functions is also confirmed by the high probability of the S-transitions between
them (see Section IVe, 4-3).

(b) Even iscbars of mass 4n -+ 2

The even isobars of mass 4z + 2 can be grouped into triads of the type
(C1¥N1QW), the central member having equal numbers of neutrons and protons.
The difference in total energy between C* and O should be due to Coulomb
repulsion, assuming again the equality of (nn) and (pp) forces and correcting
for neutron-proton mass difference, and the pair of neutrons or protons extra
to an assumed alpha particle core C'2 would be expected, in accordance with
the exclusion principle, to have anti-parallel spins. In N4 however, the two
particles extra to the C'? core are a neutron and a proton; in that case par-
allel spins are permitted and indeed form a more tightly bound system, cor-
responding to the ground state of N4, while an excited state of N4 in which
the neutron and proton have anti-parallel spins should also exist. This state
then belongs to the same T-multiplet as the ground states of C4 and O and
has the same parity and angular momentum. It differs in binding energy from
these states by a Coulomb term only, providing that the (nn), (pp) and (np)
forces are all equal. Calculated energy differences between even isobars are
also included in Table 1 for reference, together with nbserved values deduced
from disintegration energies where possible.

The WiaNER theory does not provide quantitative estimates of the energy
of excitation of nuclear levels. Further progress can be made by the adoption
of some nuclear model, which must be consistent with the exclusion principle.
For the purpose of describing light nuclei, the model which is immediately
suggested is the independent-particle model in which each nucleon is assumed
to move in an average potential field due to all the other nucleons. Solution
of the wave equation for the nucleon with a particular assumed potential
yields a set of eigen functions representing possible stationary states for the
nucleon, each state being characterised, as in the atomic case, by a total
energy and certain quantum numbers which depend on the type of potential
chosen. If we consider a particular nucleus, these states correspond to possible
energy levels with definite characteristics which may be observed experiment-
ally; if we add successive nucleons to a given nucleus the states become
filled in the order predicted by their energy values, and with a number of
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nucleons determined by the exclusion principle. It is usual to assume an
isotropic potential well, for which the levels are characterised by a principal
quantum number %, equal to the total number of nodes in the wave function
plus one, and an azimuthal quantum number I(<n—1) which gives the
orbital angular momentum of the state. States with I = 0, 1,2, 3... are
described as s, p, d, f... states as in atomic spectroscopy and their parity
is even or odd with I. If the potential well has steep sides and a flat bottom
(“square well”’) the levels should be filled with successive nucleons in the
order (1s)%, (2p)%, (3d)!°, (2s)2... although with some change in the well
shape the 2s states may be made to fill before 3d. The symbol (2p)® indicates
6 nucleons in states with principal quantum number 2 and azimuthal quantum
number 1. For each ! value there are 27 -1 degenerate states with magnetic
quantum number m such that |m| <1, and for each such state there are two
possible spin directions so that 2(21 + 1) states occur for both protons
and neutrons. This model evidently predicts the formation of closed shells
of nucleons containing 2, 8, 20 particles (grouping the 3d and 2s states
together) and a discontinuity of nuclear properties such as binding energy
and magnetic moment might be expected to occur with shell closure. The
independent particle model has recently received much support from a study
of such properties by Mayer!?2, FEeNsErG and HamMMack®™ and Nowrp-
HEIM! (see the article on The Nuclear Shell Model by B.H.FLOWERS, in this
volume).

A closed shell of nucleons, with quantum numbers » and !, has zero
angular momentum and magnetic moment according to the independent
particle model. The resultant angular momentum of an incomplete shell
can be predicted if some specific assumption is made about the way in which
the orbital and intrinsic spin momenta of the nucleons outside a closed shell
combine. It is usually assumed that the RUSSELL-SAUNDERS coupling scheme
applies to light nuclei; according to this the total orbital momentum and
total intrinsic spin of the nucleons are first combined to give separate resultants,
and these are then added vectorially to give the total angular momentum
of the nuclear state. Thus for one neutron and one proton in the p-shellt
(Li%), the complete nuclear wave function may be written down if spin depen-
dent forces are neglected and the possible states are found to have orbital
momenta 0, 2, 1 in order of increasing energy (BeTHE?2). The lowest states
of such a nucleus are therefore characterised, in analogy with optical spectro-
scopy, by the symbols 8, D, P. In this case the total intrinsic spin is 1 or 0
and each state may be a singlet or a triplet, i.e. 18, 38, 1D, 3D, 1P, 3P, Spin
dependent central forces (HEISENBERG and BARTLETT forces) split the singlet
from the triplet state and as it is clear from the spin of the deuteron that
the triplet state is the Jower, the ground state of Li¢ is of the type 39, (where
the suffix is the total angular momentum quantum number J). This type
of description may of course be extended to nuclear states in general.

HeisENBERG and BARTLETT forces cause no splitting of energy levels if the
resultant spin of either the neutrons or the protons in the nucleus is zero,
a8 is usually the case in odd nuclei, such as Li? (2P state). A further splitting
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arises from the fact that the energy may differ according to the orientation
of the spin vector with respect to the orbital moment (spin-orbit coupling).
The ground state term of Li" splits for this reason into 2P, and 2P;. The
order of such spin-orbit doublets can be predicted if some assumption is
made about the spin-orbit interaction. If this is assumed to be relativistic
in origin, in which case it is comparatively weak, and certainly not strong
enough to explain experimental results, it may be shown (ROSENFELD?,
p. 317) that the level of higher angular momentum lies lower (inverted
doublet) when the orbital shell is less than half filled and higher (normal
doublet) when the shell is more than half filled. The ground state and first
excited state of Li’ might therefore be expected to form an inverted doublet
2Ps, L.

"The value of the independent particle model is that it gives, at least
formally, a way of obtaining the complete nuclear wave function from the
wave functions of the constituent nucleons. It predicts that two nuclei
have the same level spectrum if gaps in the shell (e.g. 2p-shell) of one corre-
spond to occupied states in the samo shell of the other; thus Li® and N4
should have similar spectra. Furthermore, the parity of the ground state
follows directly from the configuration: while the s- or d-shell is closing
the parity is always even, but while the p-shell is closing the parity is even
or odd with the number of nucleons. Tn Section V of this article, experimental
results will be compared as far as possible with the predictions of the inde-
pendent particle model with weak spin-orbit coupling. Experiments usually
suggest values for the total angular momentum and parity of a nuclear
state, which is therefore often designated (J +) or (J —); with the assumption
of the independent particle model assignments of spin and orbital quantum
numbers may be made. Numerical calculations for the binding energy of
the ground and low excited states of light nuclei may be carried out if particu-
lar potentials are assumed. This has been done for the nuclei up to oxygen
by FeexBErec and WieNER!S, FrENBERG and PuiLLips!® and Rosk and
BeTHEY.

Strong spin-orbit forces have recently been proposed by HaXkn, JENSEN
and Surss!® and by MAYER?® to account for the marked nuclear shell structure
among the odd nuclei throughout the periodic table. This leads to a coupling
scheme in which the total angular momenta of nucleons in incomplete shells
are added (jj coupling) rather than the resultant spins and orbital momenta
separately. It is doubtful whether extreme jj coupling is effective in light
nuclei, though strong non-central effects are certainly required to explain
some anomalies in observed ground state spins (e.g. B).

Among other nuclear models which have been proposed, one of the most
useful for a discussion of the properties of light nuclei is the alpha particle
model. This was developed to describe nuclei of mass number 47 and equal
numbers of neutrons and protons in which it may be assumed that the cons-
tituent nucleons are grouped into alpha-particles, containing most of the bind-
ing energy of the nucleus. The interactions between the alpha-particles may
then be described by the methods developed for the study of polyatomic
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molecules. (WHEELER?!, HAPSTAD and TELLER?2) The model is particularly
useful in predicting the symmetry properties of the ground and excited states
of light nuclei owing to the limits imposed by the Bosk statistics for alpha-
particles on the nuclear wave-function. The wave-function must not permit
one alpha-particle to be distinguished from another, and since a rotation of
a structure such as tetrahedron or equilateral triangle through a particular
angle, e.g. 2xn/f may cause alpha-particles to exchange places, the wave-
function may only have an angular dependence of the type cosx f0. In
this way the angular momenta of the low rotational states of Be8, C12, O
have been successfully predicted as shown in Fig.2, taken from the paper
by HarsTap and TELLER?2. The model predicts
vibrational motion, and the total energy of a given
state is in general equal to the sum of rotational
and vibrational energies. Nuclei with massnumber

47 4-1 have also been discussed in terms of this . . 5,
model by Harstap and TELLER?2, 6
Cortain nucleisuch as He8, Be?, C!3, 017and their 4

mirror isobars have one nucleon outside a tightly
bound closed shell. In such cases low-lying states

of the odd nucleon moving in the field of the core e

may he found in addition to those predicted by |-+ [+ -

nuclfaa,r shell r?’odels. These are known as “single Cround state O

particle levels”. + -
Both the independent particle model and the  Be® ¢’ 0

. . - ¥ig. 2. Rotational states of alpha-
alpha-particle model arc at variance with the fact p,:ucle nucle;"(nt:om Harsran and

that there is strong interaction between neigh- TELLER™).

bouring nucleons. The success of the BoHR theory

in describing the interaction of slow neutrons with nuclei is based on the
assumption of rapid and complcte transference of energy throughout the
nucleus, regarded as a closely packed assembly of strongly coupled particles.
The difference between the independent particle and strong coupling theories
of the nucleus has recently been discussed by WEisskopF23, who points out
that the two theories really apply to different aspects of nuclear phenomena,
the former to low lying, well separated states and the latter to states of
considerably greater excitation. Thus it seems impossible to dispense with
either theory, since each co-ordinates a distinct and dufferent set of phenomena.

Some attention has also been devoted to rigid body models in which either
the whole or part of the nucleus rotates about a central axis and the angular
momentum of rotation is quantised (GUGGENHEIMER?, PREISWERK %),
Many known levels are predicted very closely by these models but the number
of cases in which independent confirmation of the assumed quantum numbers
has been obtained is small.

For heavy nuclei, and for light nuclei at high excitations, the number of
levels per unit energy range becomes very large and the total width of the
energy levels also increases, so that there is much overlapping, and the concept
of individual levels loses its meaning. Statistical methods have been developed

181



THE LOW-LYING EXCITED STATES OF LIGHT NUCLEIL

to describe this situation, and have met with some success in predicting the
behaviour of heavy nuclei; they are however not relevant to the present article.

III. Tae WipTH OF NUCLEAR LEVELS
The considerations of Section IT suggest reasons for the existence of some of
the low lying states of light nuclei, and predict values of angular momentum
and parity for these states. They do not, however, show how the levels are
excited or how they lose their energy of excitation, and to describe these
processes a theory of nuclear reactions is required.

Excited nuclei may lose their energy of excitation in a number of ways.
If the energy is insufficient to cause dissociation of the nucleus into particles,
the level is said to be bound and its energy can only be lost by a radiative
process, as in the case of a vacant electronic state in an atom. If, however,
particles can be emitted the level is described as virtual and the nucleus will
break up, unless the particle emission is strongly retarded by a Coulomb
barrier, or forbidden by a sclection rule. The probability of electromagnetic
transition in any system is governed by the ratio (R/2)? where R is the size
of the radiating system and A the wave-length radiated; the probability of
radiative transitions decreases by this factor for successive orders of multi-
polarity. For an atom with R = 5:1078 em and a visible line of wave-length
5000° A this factor is 41075, so that electric dipole transitions, which are
able to carry away one unit of angular momentum, are by far the most prob-
able and higher order transitions are only rarely observed. Nuclei, however.
have a special charge and mass symmetry which may make them unlikely to
emit dipole radiation, and moreover the (R/2)? factor is much larger, about
10"2—10-3, so that ‘““‘forbidden” transitions are quite frequent, and magnetic
dipole, electric quadrupole, and even octupole transitions are observed.

The probability of de-excitation of a level is represented formally by an
exponential, time dependent term in the cigen-function of the state, which means
that the energy is not sharply defined, but that the level has a certain width I".
and a certain lifetime 7 related to the width by the uncertainty principle
I'r~T. The true width of a level is sometimes measurable experimentally, but
owing to the smallnes of & the level width and lifetime have not been measured
independently for any level so far. In the case of virtual levels the emission
of particles of various types from anucleus contributes to the probability of decay
and the total width is increased and must be expressed as a sum of partial
widths I, I}, . . . which cover all possible modes of decay including radiation.

The excitation of virtual states of a compound nucleus is an essential part
of the BoHR theory of nuclear reactions, and the partial level widths describe
the probabilities of emission of the corresponding types of particle from the
compound states. If the energy levels at the excitation produced are well
separated, the cross section for a nuclear reaction of the type A4 (p, ¢) B may
be described by the one-level formula developed by Brerr and WiGNER and
others, which may be written

A2 I, I
Ope= 17 O W EJ LT 2)
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where o is a statistical factor*, I'=I', 4 I+ « +« is the sum of the partial
widths for all possible modes of de-excitation of the compound nucleus and
A is the wavelength of the incident particle in the centre-of-mass system. In
this formula I, and I}, which are approximately equal to the level widths
at resonance, contain energy dependent factors that allow for the coupling
of the wave function inside the nucleus to the wave describing the emitted
particles. These fuctors may be separated out by writing, following WicNER28
= 2‘}’: kpTp

where p refers to the particle considered, k, is its wave number and 7, is
the Coulomb and centrifugal barrier penetration factor for a particle p captured
or emitted with orbital angular momentum 1. y} is called the reduced width,
and may be deduced from experimentally observed widths by correcting for
the energy dependent factors. These factors may be calculated from the
formulae given by BETHE?; they have been calculated more exactly for protons
and a number of light nuclei by CHRIsTY and LATTER?, and for the reactions
of light nuclei in general by BrocH et al.%.

The reduced width is theoretically proportional to the level spacing at
the excitation energy of the level considered, and experimental evidence
on the whole supports this, although data are not yet sufficiently extensive
to provide a stringent test. The reduced width for the emission of a particle

from a particular level is unlikely to excced the “WicNER limit” of g JS R

where M is the reduced mass of the particle and R is the nuclear radius;
this upper limit provides a useful check on angular momentum assignments
to fit experimental results, since the l-value chosen must not give too great
a reduced width. Widths about equal to the WiGNER limit are usually found
for single particle levels. Dispersion theory also shows that in addition to
a reduced width 92, each level has a characteristic level shift 4 which is
proportional to 92 (WieXER and E1sENBUD ). Experimentally this level shift
is included in the obscrved resonance energy E, and cannot be extracted
from it, but differences in A4 due to different reduced widths may be re-
sponsible for the displacement of corresponding levels in some mirror nuclei
(see C13 N13, OV F??, Section VA).

To summarise, the main properties of nuclear states accessible to the
experimentalist are those of any quasi-stationary quantum mechanical state,
namely energy of excitation above the ground state, lifetime or width, (and
partial widths in the case of competitive modes of break up of virtual states),
total angular momentum and parity. Properties such as electric quadrupole
moment and magnetic moment have not yet been measured for excited states
of light nuclei. In the following section the experimental methods which
give information on these properties are cxamined, and recent developments
in their techniques described.

* If 518 the spin of the incident particle, 1 ln the spin of the bombarded nucleus and J the angular mom-

J+1
tum of the compound state, then w = —— == ——___, This 18 sometimes useful in estimating values ofJ.
onimo Pe - G LHETD e
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IV. EXPERIMENTAL METHODS FOR THE STUDY OF EXOITED STATES
() Energy release in transmutations produced by charged particles
The simplest, and historically the earliest, method of establishing the existence
of excited states is through a study of the particle groups emitted in nuclear
transmutations, usually of the two-body type, releasing energy @ and re-
presented by
A+p—>B+g+Q. @)

Experiments of this type were first made by RuTHERFORD and CHADWICK
and their pupils for the (, p) reactions and it was early recognised that the
protons emitted showed a group structure, which could be interpreted as due
to excited states of the residual nucleus B. The excitation energies were obtain-
ed as differences between the maximum Q-value observed and the other
Q-values. The reaction was found to proceed most readily when the reacting
products came together with certain definite energies now known as resonance
energies. Precisely similar measurements are still being made, but the use
of natural alpha-particles as bombarding particles has been almost superseded
by that of artificially accclerated protons, deuteroms, tritons and alpha-
particles, and magnetic analysis has replaced range determination as the most
important method of energy measurement. The increased precision of energy
level determination which is now possible arises in approximately equal
degree from the use of particle accelerators and from improved methods of
‘detection. The combined precision of the determination of energy releases,
from which the positions of excited states are deduced, can now be of the order
of & few kev. This is small compared with the level spacing of light nuclei well
into the region of virtual levels, but is still very large compared with the widths
of bound levels.

(a.1) Particle accelerators

The main types of particle accelerator used in the study of excited states are
the cascade generator, first applied by CookcroFT and WAL10N, the electrostatic
generator, and the cyclotron. A description of recent developments in thcse
machines has been given by ForTEscur? and by Prckavance®. The two
former types of equipment have been particularly useful in the study of light
elements whose Coulomb barriers can be penetrated with appreciable prob-
ability by particles of 1 2 Mev energy. The operating voltage of an electro-
static generator can be controlled electronically to about 0-1%, and a beam of
greater homogencity can be obtained by passing the “rough’ beam from the
accelerator through either a stable magnetic field with an energy selecting
slit (BurcraM and DEvons®, BENNETT et al.®) or an electrostatic analyser
(FowLER, LaURITSEN and LAURITSEN®, WARREN, Powert and HEers 3,
In this way an energy resolution of 0-01 to 0:02% has been obtained with beam
intensities of about 1 wA per kev width at 1 Mev; such conditions have per-
mitted a direct study of the width of virtual levels at excitations of about
10 Mev above the ground state (BENDER, SHOEMAKER and Powrrn3®). In
measurements of energy releases, this high precision in the definition of the
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bombarding voltage is unnecessary, since the calculated energy release often
contains the bombarding energy as a small correction only.

The cyclotron has recently been adapted by a number of workers to give
beams of particles of homogeneity suitable for the study of bound levels by
scattering and transmutation processes. By use of an auxiliary deflecting
and focussing magnet (CURTIS et al. 38, RHODERICK ¥) a cyclotron can be made
to provide a beam of 10 Mev deuterons of about 0-5 pA and 1 in. in diameter
at about 15 feet from the cyclotron. Burrows, PoweLL and RoTBLAT? have
used the fringing field of a 37 in. cyclotron and a slit system to select a beam
of 8 Mev deuterons with an energy spread of less than 1%. A magnetically
focussed beam of 15-5 Mev deuterons has been used by the workers at the
M.IT. (Boyer et al.®) to study the ground state energy differences and
excited states of a large number of nuclei throughout the periodic table.

(a.2) Detection and analysis of particle groups

The carly method of analysis of charged particle groups by absorption, and
detection by means of a proportional counter or a simple or differential ionisa-
tion chamber has been used recently by a number of workers (ALLAN and
WiLkinsoN 40, HEYDENBURG and INgrLis4!, FrRENcH and TrEAcY4?), and is
capable of an accuracy of about 50 kev in energies of 5 Mev. Direct recording
of particle tracks in photographic plates has been used, following the early
work by PowerL and his collaborators, by LaTTEs, FowLER and CuEr4%,
and by RorBrLaT44. Increased precision ~an be obtained by the use of magnetic
analysis, following the method used by RuTHERFORD, WYNN-WILLIAMS,
Lewis and BowpeN4 for determining the velocities of alpha-particles from
naturally radioactive substances, and large magnets have recently been con-
structed and applied to artificial transmutation problems in a number of
laboratories (BUECHNER et al.48, SNYDER ef al.4?, CoLLiNs, McKENzIE and
Ravm%, KLEMA and PHILLIPS4?). In some cases the determination of energy
is made by comparing the observed momentum of the unknown group with
that of the alpha-particles from polonium or RaC, the velocity of the alpha-
particles from RaC, which has been measured by Briags® with a precision
of 4 parts in 105, being taken as standard. In the mcasurements made by
CoLrins, McKENzIE and Ramm 48 and by KLEMA and PHILLIPS ¢ the magnetic
field used to deflect the alpha-particles is determined with a precision of about
1 part in 10® by means of the nuclear resonance phenomenon, using the very
accurately known gyromagnetic ratio of the proton (TzHomas, DriscorL and
HrppLE®!). In all cases the use of such high precision analysis requires con-
siderable attention to definition of beam energy, to target contamination and
deterioration, and to geometrical arrangement; moreover the calculation of
energy releases must be put into relativistic form. The accuracy of the best
measurements reaches 0-07% for energy releases greater than about 3 Mev
The limitations on size which are necessary to take advantage of the resolu-
tion made available by magnets of radius about 40 cm and the limitation on
available beam current densities make the yield of particles rather small.
This can be compensated for either by the use of a double focussing magnet
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(S1EeBAEN and SvarTHOLM®2, SNYDER ef al.47), or by making use of the inte-
grating properties of the photographic plate as a detector (BUECHNER ef al.4).
A large solid angle can also be obtained by means of a spherical electrostatic
analyser of the type developed and used by BROWNE et al®3.

The photographic plate (BUECHNER et al.4®) has advantages as a detector
of magnetically analysed particles when the object of the experiment is the
measurement of energy releases for a fixed bombarding energy. Both
proportional counters (Corrins, McKeNzie and Ramm*) and scintillation
screens with a photomultiplier (BurcHAM and FREEMAN®) have also been
used and are more convenient for the study of excitation functions, and for
rapid checks on target deterioration.

For experiments in which precise measurement of energy is less important
than a study of the relative intensity of a number of particle groups under
different conditions of bombarding energy or angle of observation, increasing
use is being made of pulse size analysis. The reaction products are allowed
to enter a proportional counter, in which they stop, through a slit system, and
the resulting distribution of pulse sizes is recorded by a multi-channel pulse
analyser. A recently developed 120 channel instrument of this type (Hur-
cHINSON and ScARROTT) is able to accept and analyse impulses at the rate
of 1000 per sec, and the use of this technique will materially shorten many
investigations. The method combines the advantages of an integrating property
with the flexibility of counting techniques and is likely to be largely used in
the future

‘When the emitted particle in reaction (3) is a neutron, the energy spectrum
is most conveniently found by observing recoil proton tracks in a photographic
emulsion. This method was developed by POwELL and others, and by using
concentrated emulsions (POWELL et al.%) a precision of 50-100 kev in the mea-
surement of neutron energics up to about 10 Mcv can be achieved. Recently
a time of flight method has been used for the detection of neutron groups
whose emission leaves the residual nucleus in an excited state (JAMES and
TREACY %7),

(a.3) T'ypical results

The work of MaLm and BUuECHNER % on the N14(da)C!? and N15(do)C3 reactions
is & good example of recent high precision studies of bound states by the trans-
mutation method. Thin targets of tantalum nitride were bombarded with
deuterons of energy 1-420 Mev from an clectrostatic generator, and a magnetic
analysis of the alpha-particle groups emitted by the targets was made. The
protons were recorded in photographic plates after traversing the magnetic
field, and their energy was found from the Hp measurements which were related
by fluxmeter observations to the Hp for polonium alpha-particles. A typical
specimen of their results is shown in Fig. 3, in which the number of tracks per
unit area is plotted as a function of Hp; the precision of the method is well
illustrated by the sharpness of the peaks. One contamination peak appears
in this figure, and, as in all experiments of this type, this and similar peaks
must be identified by comparison with runs made with other targets or by the
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availability of exact data on other reactions. (The importance of exact in-
formation is well known to any experimenter who has been compelled to
ascribe, one by one, the results of his work to unsuspected contaminants!)
The final result is that there are groups in the N4(da) reaction corresponding
to energy releases of 13-5754.0-012, 9-137 4-0-006 and 3-955 4-0-003 Mev,
and in the N'8(da) reaction of 7-681 4-0-006, 4-598 4-0-004 and 4-004 - 0-003 Mev
which correspond to the ground state and the two lowest excited states of
C'? and C3 as shown in Nig. 3.

The use of the photographic emulsion technique for a study of excited states
is well illustrated in Fig. 4, which is a histogram obtained by Burrowss®
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Track de

of the track lengths of charged particles from oxygen bombarded by 7-7Mev
deuterons. Groups 1, 2, 3, 5, 6 and 7 are due to protons emitted in the reaction
0'¥(dp)0'7. The use of high bombarding cnergies, gaseous targets and photo-
graphic plate detection allows a considerable extension of the energy range
over which level spectra can be studied.

A large number of reactions of the light elements of the (dp). (da) and (pe)
type, with both positive and negative energy releases, have been studied in the
last few years by these and similar methods (cf. STRAIT et al.®?, HARVEY®,
Burrows, PowrLL and RoTBLAT38). In most cases the reactions studied were
of the non-resonant type and the bombarding energy was chosen either to be
as high as possible, or for convenience in analysing the results, particularly
in order to avoid possible coincidences between groups of particles from
different elements. The results of this work give most valuable accurate in-
formation on the locations of the lower bound levels of light nuclei, as well as
on nuclear masses, in terms of the standards used.

The study of virtual levels, unstable with respect to particle emission, by
means of an clectrostatic generator or cascade generator, combined with a mag-
netic spectrograph, is illustrated by the work of Cuao, ToLLESTRUP, FOWLER
and LAurITSEN® and of FREEMAN® on the F'®(pa,y)0!® rcaction. In this
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reaction and in others of the same type the yield of alpha-particles shows
sharp resonances for certain definite energies of the incident proton. The
energy release for the reaction was found by Hp determinations with the mag-
netic spectrograph, and the yield of alpha-particles, separated from scattered
protons by the magnetic analysis, was followed as the proton energy was

150 varied ; typical results are shownin Fig. 5. The sharp levels,
at an excitation energy of about 12 Mev above the ground
740 state of the Ne2® nucleus formed in the reaction, are clearly

shown : in this case the possibility of alpha-particle emission
in addition to proton re-emission so broadens the levels
201 s that their true width (3-10 kev) can be determined with
theresolution available (0-03 % up to 1500kev bombarding
proton energy®?). Determination of the solid angle of the
200- magnetic spectrograph, and studies of the angular distri-
bution of the particles enables absolute yields of alpha
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products of oxygen bombarded by 7 7 Mev deuterons groups from fluorine bombarded by protons
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important since determinations of the crosssection for anuclear reaction at reso-
nance may enable partial level widths to be estimated (cf. Section IVd, IVe.l).
Moreover, nuclear reactions are reversible and comparison of the cross
sections for the inverse processes (pq), (¢p) gives in agreement with the principle
of detailed balancing,
Opg __ (_2.2)2_00,,
9gp Aq] g
(cf. SHOUPP, JENNINGS and SuN®) which might in certain cases enable the
spin of a nucleus to be deduced from known spins of the other nuclei taking
part in the reaction.
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A typical example of the study of excited states by the (dn) reaction is the
work of G1BsoN ¢ on the neutron spectrum from the B'!(dn) reaction. Fig. 6
shows the results obtained; energy levels in C? at 4-474-0-10 and 9-72 +
0:15 Mev were deduced.

In all nuclear transmutation studies the use of separated isotopic targets
is of the greatest value in the interpretation of results and is in some cases
essential. Separated stable isotopes of most elements are now available from
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the Atomic Energy Research Establishment, Harwell (ALLEN %) and from the
Atomic Energy Commission (U.S.A.) and they have been used extensively.

(b) Inelastic scattering of charged particles

Inelastic scattering is a particular case of a transmutation in which the emitted
particle is similar to the incident particle ¢.e.

A+p—>A*+p'}

v 4)
-4 + 9.

In the centre of mass system the incident particle loses an energy equal to
that neccssary to excite the bombarded nucleus, which subsequently loses
this energy in the form of y-radiation. The process is analogous to the FRANCK-
HERTZ experiment in atomic physics, and may be detected by the obser-
vation either of radiation or of retarded particles. The importance of the
method lies in the fact that it yields information on the bound levels of
the bombarded nucleus, as well as, in some cases, resonance energies of the
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compound state (see, for example, B?, Section VC). Unfortunately, the
energy release in the process is necessarily negative and the number of levels
which can be studied depends on the bombarding energy available. For this
reason work of this nature has chiefly been carried out with cyclotron beams,
although in a few cases the energies reached by electrostatic generators have
been sufficient to excite the lowest levels (see Li? Section V).

Experiments have been made using protons (FuLsricaT and Busa®),
deuterons (GREENLEES, KEMPTON and RHODERICK®, and alpha-particles
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Fig. 7. Spectra of protons scattered from magnesium (E, == 4 73 Mcv) showing inelastically scattered group
(RHODERICK ¥).

(SieeBAEN and SpATIS®). Typical results are those of RHODERICK3 who
studied the lowest states of Mg? and found an energy distribution of protons
scattered from this element as shown in Fig. 7. The main inelastically scatter-
ed group arises from a 1-38 Mev level in Mg?%. The scope of such observations
has been extended to higher deuteron encrgies by the M.I.T. cyclotron group?.

(¢) Transmutations produced by neutrons

Neutron induced reactions of type (3) have been studied since 1934, but in all
the carly experiments the main source of neutrons was the radon-beryllium
mixture which gives a nearly continuous distribution of neutron energies up
to a maximum. Homogeneous sources of neutrons can however be obtained
from charged particle reactions, and a discussion of suitable reactions is given
by Hanson, TascHEK and WiLLiams™. One of the most flexible sources of
neutrons, which is both homogeneous and variable in energy from small
energies upwards, is that using the (pn) reaction in Li’:

Li? 4- H1— Be” 4- n — 1.647 Mev. (5)

This reaction has a threshold at a proton energy 1-882 Mev and for proton
energies above the threshold the neutron energy in a given direction can easily
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be calculated. This source has the slight disadvantage that there is a 434 kev
excited state in Be?, which results in the production of a second group of
neutrons when tho incident proton energy exceeds 2:378 Mev (WILLARD and
PresToN??) but this shadow group is of low intensity and has not seriously
affected any measurements which have recently been made using the Li(pn)
source. The main group of neutrons produced by the Li’(pn) reaction is of
homogeneity determined only by the homogeneity of the proton beam and the
thickness of the lithium target, and with proper care, and the use of a stabilised
electrostatic generator, a resolution of about 5 kev over an energy range limited
only by the operational ‘ceiling” of the accelerator can be achieved.
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Fiz 8. Excitation functions for N**(np) and N'(nx) reactions (JOENSON and BARSHALL™).

Fast neutrons have not heen much used for the study of bound levels by
the transmutation method, although a few such results have been published
(BLEuLER and RosseL™). This is due to the low intensity of available sources
of fast neutrons of energy high enough to excite bound levels. A number of
virtual levels have however been studied by means of the (np) and (nx)
reactions, and the results of JorNsoN and BARscHALL? for nitrogen given
in Fig. 8 show clearly the precision obtainable by use of the Li?(pn) neutron
source. The neutrons were allowed to interact with nitrogen in a cylindrical
ionisation chamber, and the yield of the reactions was found as a function of
neutron energy. The energy release in the processes was found by passing the
ionisation pulses to a calibrated pulse analyser; the use of ionisation chamber
or proportional counter and pulse analyser has obvious advantages for the
study of neutron induced reactions. The resonances indicate levels in the N6
nucleus which agrece with those found in the inverse reaction C4(pn). Most
of the information on virtual levels obtained by neutron bombardment has,
however, come from measurements of total cross section of nuclei for both
fast and slow neutrons; this is discussed in Section IV, d.

Very intense beams of slow neutrons are now available from reactors, but
there are only a few nuclei with which transmutations other than capture
can be observed with such neutrons. The reaction most thoroughly studied

191



THE LOW-LYING EXCITED STATES OF LIGHT NUCLEI

is B1(ne)Li? (HANNA) in which the excited state of Li? at 479 kev was observ-
ed using an ionisation chamber and pulse analyser technique. Radiative
capture of slow neutrons and measurement of the energy of the subsequent
gamma radiation gives accurate information on bound states of many nuclei
and is discussed in Section IV, e.

(d) Elastic scattering of charged particles and neutrons

Elastic scattering of a particle by a nucleus, in which a compound state is
formed, may be considered as a particular case of a transmutation, but it
differs from the general type of rearrangement

g s collision already considered for two reasons:
.§ 71} I (a) there is the possibility of interference
s L I R betwen the waves describing the nucleons re-
| soket l 2, emitted by the compound nucleus and those
§ TY 5] o * scattered by the potential fields (Coulomb or
£ V Scatered protons e nuclear) surrounding the nucleus, since the

S o9 dwg wave functions are coherent;
B 1 & (b) in the particular casc of identity bet-
Gomma-rays 1w E ween the incident and scattering nucleus the
T wave functions of the two particles in the
<& system of the mass centre are also coherent
OO ep I ————daiRin2 and interference terms arise in the angular

o s s s distribution for this reason.

Profan encrgy

kev

If the compound system in a scattering
process is formed with one of its resonance
energies, the nuclear scattering hasamaximum
amplitude, and as the energy of the incident particle is varied through the reso-
nance, the phasc of the nuclear scattering relative to that of the potential scatte-
ring changes by . This is revealed in observations of scattered intensity at a
given angle by a curve of the dispersion type, the nature of the phenomenon
being analogous to that of anomalous dispersion in optics. The possibility of the
effect being experimentally observable depends of course on the ratio of the width
of the energy level to the homogeneity of the particle beam. Resonant scattering
of alpha-particles by a number of nuclei was investigated by DEvoNs™, who also
discusses (Drvoxs?, p. 79) the conditions under which this phenomenon may most
easily be observed. The resonant scattering of protons by aluminium has been
demonstrated by BENDER etal.”, who studicd the variation of elastic scattering
with proton energy near one of the gamma-ray resonances known from the
Al*(py)8i® reaction. Fig. 9 shows the variation of gamma-ray intensity and
of the number of scattered protons per unit solid angle at 135°; the form
of the curves agrees with that predicted by the Brerr-WieNER theory, and
indicates, under assumption of zero orbital momentum for the incident
protons, a natural width of about 100 volts. This width is partly due to gamma.-
ray emission and partly due to proton re-emission, the latter being the main

Fig. 9. Resonant scattering of protons by
aluminium (BENDER et al.”?).
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contribution. The variation of cross-section at the resonance can be used to
find the angular momentum of the virtual level concerned; a good example
is provided by the work of GoLpHABER and WILLIAMSON™ on the elastic
scattering of protons by carbon which leads to assignments for the levels of N18,
Confirmation of such assignments is sometimes obtained from the experi-
mentally determined level widths; comparison with the “WieNER limit”
(Section III) and the usc of penetrability factors may suggest an orbital
momentum for the incident charged particle.

The elastic scattering of neutrons is fully discussed by ADAIR™ in his
introduction to a collection of results on the neutron cross sections of the ele-
ments. The total cross section for removal of neutrons from a beam is due to
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elastic scattering and ahsorption processes, and the elastic scattering shows
resonances, and interference phenomena just as in the case of charged particles.
Extremely fine definition of neutron energy is possible in the slow neutron
region by means of velocity selectors of the pulsed cyclotron, pulsed linear
accelerator (MERRISON and WIBLIN®®), mechanical selector, or crystal spectro-
meter methods, the last two using the intense slow neutron beams from a reac-
tor. A full discussion of most of these techniques is given by DEvons?. The
spacing of levels in the light nuclei in the region of excitation corresponding
to the neutron binding energy of about 7 Mev is not close, and the slow neutron
studies have revealed practically no levels for these elements since they extend
only over about 1000 volts of energy. With monoenergetic neutrons from
charged particle reactions, with cnergies between 50 and 1000 kev, the most
probable interaction with light nuclei is elastic scattering, and Fig.10 shows
the collected results obtained by a number of workers for the total cross section
of sulphur measured by a transmission method for this range of neutron
energy. The peaks indicate virtual levels in the S nucleus; from the shape of
the cross section curve near resonance, and the magnitude of the total cross
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section, it may be possible to deduce the level width and spin of the compound
state and from the Cevel width the orbital momentum of the incident neutron
may be estimated. Examples of this method have recently been discussed by
STAFFORD®* and by ApAIR®.. Only centrifugal penetrability factors enter into
neutron scattering processes and fast neutron widths are therefore greater than
proton widths for low energy particles. The resonant scattering of low energy
neutrons may be large in comparison with the potential scattering; this is
evident by comparing the results for the total cross section of sulphur (Fig. 10)

for the (nn) process with that for the (pp) scattering in aluminium previously
shown (Fig. 9).
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Fig. 11. The Ii'(py) excitation function (BONNER and £VANS®).

(e) The study of radiative transitions
More detailed information on the virtual levels of light nuclei has been obtained
by investigation of proton and neutron capture processes than by any other
means. The study of the subsequent emission of gamma radiation both directly
to the ground state, and by cascade to bound levels has proved comparable
in fruitfulness with the investigation of the radioactive decay schemes of the
heavy elements. An excellent summary of the experimental methods and
results up to 1948 is given by FowLER, LAURITSEN and LAURITSENS2. More
recently a good deal of work on the radiation from bound excited states of
residual nuclei has been carried out; this is discussed in Section IV, e. 4.
(e.1) Radiative capture of protons
The process
A+ p—> B*
(6)
B*> B4y

(in which B is in general a stable, but sometimes a positron active nucleus)
i.e. the capture of protons with the emission of gamma radiation, occurs for

194



EXPERIMENTAL METHODS FOR THE STUDY OF EXCITED STATES

the majority of light elements for proton energies below the (pn) threshold,
where the main competitive process is elastic scattering. In some particular
cases (e.g. B!1, N5, F1° . ) alpha-particle emission competes ; these processes will
be disregarded for the present. The main characteristic of such capture reactions
is the occurrence of sharp resonances in the intensity of gamma radiation
as a function of proton energy. These are well displayed either as steps in the
excitation function with a thick target, or as sharp peaks with a thin target.
The natural width of the peaks is often determined by the re-emission of
protons, which except for resonances at very low energies is always very
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Fig. 12, The Al¥(py) excitation function (BROSTROM, HUUS and TANGEN®).

much greater than the radiation width. In experiments the natural width
is sometimes much less than the experimental width imposed by target thick-
ness, and beam homogeneity, in which must be included DoprPLER motion
of the target atoms. Examples of careful measurements of the real width
of levels are to be found in the work of TanceEN$®3, and of BoNNER and
Evans®, Fig. 11 is taken from the work of BoNNER and Evans®, and shows
the well-known Li’(py) resonance at 441 kev; the homogeneity of the proton
beam was about 300 volts and the observed width of 12 kev is the natural width
of the level. Fig. 12 gives a picture of the type of level spectrum obtained for
a nucleus at the upper end of the region of light nuclei, and shows how the
level spacing has diminished from the values of a few hundred kev found for
the lightest elements. The work is that of BrosTrRoM, Huus and TANGENS®
on the capture of protons by aluminium; in this work, despite the apparently
high resolution the widths are still experimental, since the proton width is

less than about 1kev even at the highest bombarding energy used, owing
to the high Coulomb barrier.
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The analysis of such resonance curves gives the resonance energy E,,
and level width I" directly when the level width is comparable with the experi-
mental resolution. This will usually be so only when the proton width I, is
essentially equal to the total width I"and very much greater than the radiation
width I',. From the cross section at resonance the term w I, can then be
found, since if £ = E, and I">> I’, eq.(2) reduces to

Ores = %‘w‘—‘- (7)

If the level width is much less than the experimental resolution the yield inte-
grated over the resonance is found, and from this, with knowledge of E, and
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Fig.18. Interference between rcsonant and non-resonant radiation in the Li’(py) reaction exhibited by
variation of asymmetry of angular distribution with proton energy (DEVONS and HINE®),

of the stopping power of the target material, the term w I‘"I{l may be found,
which gives either w I, or w I, according as I, is very much less than or very
much greater than I,. The observed magnitudes of I" or I, yield values of the
reduced width when corrected for the energy dependent factors (Section III),
and comparison with values of reduced width obtained in other reactions or
with the Wigner limit may indicate probable l-values for the incident proton.
This is useful in assigning spin and parity values for the compound state as
in the analysis of elastic scattering resonances. The observed value of w I,
may be compared with the value expected for a gamma ray transition of given
multipolarity (see Section IV, e.4) which will also give information about
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the momenta and symmetry properties of the states concerned. Examples of
this process are discussed by FowLER, LAURITSEN and LAURITSEN®?,

The shape of (py) resonance curves has been shown to fit that predicted by
the BrErT-WIGNER theory, when allowance is made for the variation of proton
width with energy over the resonance. A particularly convincing demonstra-
tion of the validity of the dispersion formula comes from the work of DEvons
and HiNEe® on the Li?(py) reaction, in which there is interference between
the radiation from the resonance level and coherent *“background ” radiation
of low intensity and opposite parity (evident in Fig.1l as an excess of
intensity above the theoretical curve). The resulting asymmetry of the angular
distribution (Fig. 13) can be observed over nearly 100 resonance widths from

200 to 1000 kev proton energy, and in addition to verifying the Er}' '
variation of amplitude given by the BREIT-WIGNER formula over this region,
the experiment also shows the characteristic phase change of the wave-function
as E passes through the resonance energy E,.

The analysis of proton capture experiments is more complicated when
competitive processes such as alpha-partic'e or neutron emission or inelastic
scattering are possible. Detailed studies of cross section and angular distribu-
tion for the individual processes are generally necessary. A theoretical analysis
of the F'(pa) reactions by CrA0® illustrates the complexity of the problem.

Measurement of the energy of the capture gamma radiation is discussed
in Section IV, e. 4.1.

(e.2) Radiative capture of alpha-particles

Observation of («y) reactions has been difficult until recently owing to the
low intensity and poor resolution available with natural alpha-particle sources.
The production of accelerated beams of He* ions, however, has already led
to the observation of a number of resonance levels, and a considerable develop-
ment in this field is likely in the immediate future. Interpretation of the results
should be simpler because of the zero spin of the alpha-particle.

(e.3) Radiative capture of neutrons

This process, which is the main interaction of slow neutrons with heavy
nuclei, has been observed for light nuclei and fast neutrons, but the cross
sections are low, and with available intensitics of fast neutron beams of
controllable energy it seems difficult to undertake work on the capture gamma-
rays analogous to those produced by proton capture.

The gamma radiation resulting from slow neutron capture in many nuclei
including light nuclei has been extensively studied, and is discussed in Section
IV, e. 4.1.

(e.4) Analysis of decay schemes.

Much precise information on the bound states of nuclei can be derived from
a study of the energy and multipolarity of the gamma-radiation emitted
from excited states. These may be:
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(a) Bound states excited by inelastic processes (Section IV, &, b).

(b) Bound states excited by the f-decay of a radioactive nucleus, which
itself may be produced by a nuclear transmutation or radiative capture process.

(c) Virtual states produced by a capture process.

In all cases the emitted gamma radiation arises as a result of a transition
of a quantum mechanical system between two energy levels which may be
regarded in a good approximation as stationary states. These levels have
angular momentum and parity which must be conserved in the system (nucleus
-+ radiation) and changes of these quantities in the radiating nucleus as a
result of the transition must be impressed on the radiation field. If we adopt
a semi-classical picture of the radiation process we may say that the radiation
field arises from the time variation of the electric or magnetic moments of the
radiating system. These moments are expressed quantum mechanically by
integrals which in the case of electric moments have the form

My, =c[yfriydr (8)

where 1, v, are the wave-functions of the initial and final states of the nucleus
and 7 is a position vector. When the wavelength of the emitted radiation
is large compared with nuclear dimensions, the formula for the intensity
of radiation may be expanded into a set of terms whose intensities fall off
in the ratio (B/2)? and which contain successively the electric dipole, quadru-
pole, and higher moments of the system for which I =1, 2, 3... Magnetic
multipole moments of order ! appear together with the electric moments of
order [ +1. Evaluation of the angular parts of integrals M, , using the wave-
functions of given initial and final states leads to & selection rule for total
angular momentum ; this requires that vectorial combination of the initial and
final angular momenta J, and J,t shall give a resultant angular momentum
1%, which is carried away by the emitted photon. Symbolically, this requires
that J,+J, 21> |J,—d,|. If either J, or J, is zero, then I = J; if both
J, and Jj are zero, radiation is absolutely forbidden, since no radiat ng charge
or current distribution is then possible. Selection rules for parity are also easily
derived for a multipole moment of order ! from the requirement that the
integrand in M,, must be an even function if M,, is not to vanish. The
selection rules for radiative transitions are given in the following table:

Table 2—Selection rules for radiative transitions

Electric multipoles ‘ Magnetic multipoles
- 4J=04142...
l even no parity change parity change
l odd parity change no parity change

Determination of the multipolarity of the quantum emitted in a radiative
process helps in assigning quantum numbers J;, J; to the initial and final

t+ Jg is the vector related to the quantum number J, by |Ja| = -—2"7 WalJa+1).
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states . The multipolarity may be estimated from observed radiation widths
for virtual states, with the assumption of reasonable values for the moments
of the system (cf. FOWLER, LAURITSEN and LAURITSEN®?), or from the lifetime
of isomeric bound states in the heavier nuclei (SEGRE and HeLmHOLZ®). It
cannot be found by measurements on the properties of the radiation at
any distance from the nucleus great compared with the wavelength of the
radiation, since the gamma ray quantum is observed experimentally as a
plane wave, but within the radiating atom processes of internal conversion
occur which can be predicted theoretically; comparison with experiment then
gives the multipolarity (Section IV e. 4-2).

The important evidence offered by angular correlation experiments is
discussed in Section IV,g.

(e. 4.1) Measurement of emergy of gamma radiation and correlation with
particle groups—The methods of measuring energies of gamma radiation and
of thereby establishing the level structure of & nucleus have recently been
discussed by Cavanacu®, and will be only briefly listed here.

The absorption method is simple, and accurate for homogeneous radiations,
providing care is taken with geometrical conditions, but it is almost useless
when complex radiation is to be analysed. Probably the most generally useful
method over the whole field of gamma ray energies is the determination of the
energy of cither the photoelectrons, or the recoil Compton electrons either by
magnetic spectrographs (HORNYAK, LAURITSEN and RASMUSSEN®), or in an
expansion chamber. The accuracy of this method is about 0-2%, i.e. not much
worse than the accuracy of @ value determinations by heavy particle spectro-
graphs, and the genetic connection between the emission of gamma radia-
tion and the states indicated by heavy particle groups may be established
with high accuracy. For the higher energy radiations, pair spectrometry is
becoming increasingly important, but the sensitivity of a pair spectrometer
is a rapidly falling function of quantum energy and the method is insufficient
for a complete survey of the gamma ray spectrum of a nucleus. Gamma radia-
tion of energy above 2-5 Mev may be detected and its energy determined by the
nuclear photoeffect in deuterium. In this method deuterium is introduced
into a photographic emulsion, either as an organic compound (MIiLLAR
et al.™) or as heavy water (GIBSON et al.??) and the energy spectrum of photo-
protons produced by exposure to gamma radiation is observed. Alternatively
the energy distribution of the photo-protons produced in a proportional
counter filled with deuterium is recorded by a multi-channel pulse analyser
(CarvEr and WiLKINSON??). The latter method is probably the more accurate,
but is of low sensitivity unless a high pressure deuterium chamber is used.
Gamma radiation has also been studied quantitatively by means of other
photo-nuclear reactions, notably C'%(y3«) (NaBHOLZ, STOLL and WAFFLER®).

Low energy X- and gamma radiation emitted in nuclear processes may
be studied by the proportional counter method developed by CUrRAN, ANGUs
and CockroFT®® and by PONTECORVO®. Increasing use is being made of

t One of these is usually known if the transition is to a ground state.
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proportional scintillation spectrometry (JORDAN and BELL®?, HOFSTADTER and
MoINTYRE®, PRINGLE®) using both organic (naphthalene, anthracene) or
inorganic phosphors. This method can combine high sensitivity and moderate
energy discrimination with resolving times a short as 10-8 sec and has led to
important advances, not only in the determination of the energy of gamma
radiation but also in coincidence studies of decay schemes and angular cor-
relation phenomena (Bravy and DEuTscH!?). Large counters using liquid
scintillators such as a solution of

terphenyl in benzene have also been | | o=CaF, fargef  x=NaF farges

developed and are extremely efficient 573 Mev

detectors of both gammaradiationand | ., q 1

fast neutrons (JAMES and TREACY 57). t
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Tig. 14. Measurement of energy of gamma radia- Fig 15. Measurement of energy of gamma radia-
tion from F19 (p o, 7) reaction by lens spectrometer tion from ¥1® (p 2, ) reaction by pair spectrometer
(RASMUSSEN et al.'"). (WALKER and MCDANIEL®®).

spectrometry. A review of scintillation methods in nuclear physics is given in
the article on Luminescent Materials for Scintillation Counters, by G.F.
J. GARLICK in this volume.

A typical investigation of the Compton recoil spectrum from nuclear gamma
radiation is the work of RASMUSSEN et al.1% on the excited states of the 016
nucleus, observed by mecans of the ¥¥(pea,y) reaction. Fig. 14 shows the
spectrum obtained with a lens spectrometer of resolution 2:5% in momentum;
the encrgies of the gamma radiation deduced from this are 6:1514- 0-04 and
7:100 +0-06, which are in excellent agreement with the level spectrum pre-
dicted from the corresponding alpha-particle groups (CHAO et al.®?; FREEMAN %3),
The gamma radiation from the F1%(pa) reaction was also studied by WALKER
and McDANIEL!®! using a pair spectrometer of total resolution 6% ; their results
are shown in Fig.15. Pair spectrometer studies of the gamma radiation from a
number of proton capture reactions have been made by WALKER1%2, and by RAE
RUTHERGLEN and SMITH!3, who have also applied the method to the radiation
from bound states excited in (dp) and (dn) reactions?. A very comprehensive
series of measurements has been made by KiNsEy1% and his collaborators,
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using the same method, on the gamma spectra resulting from slow neutron
capture. Their results for silicon are shown in Fig. 16; they are in
general agreement with the level scheme deduced from measurcments of
the corresponding (dp) reaction. In all such investigations the absolute and
relative intensities of the radiation components may he used to estimate
radiation widths which may be connected with the corresponding angular
momentum and parity changes as discussed in Section IV e.4. It is clear
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Fig 16  Mcasurement ot energy of gamma radiation from ncutron capture process in stlicon by patr
spectrometer (KINSEY el al.'%)

that the association of gamma radiation with groups of particles emitted in
artificial transmutations is now nearly as satisfactory as that between the
alpha-particle and gamma ray spectra of the natural radioactive elements.
The close agreement that has been cstablished in many cases gives considerable
certainty to the level scheme. Confirmation of the connection between heavy
particles and gamma radiation may be obtaincd from coincidence experiments
(CurLiNG and NEwTON1%), In this work the heavy particles were detected
by means of thin anthracene screens which permit fast counting, and
coincidence resolving times of about 15 X 10-° secs were achieved. Under
these conditions time-of-flight methods may be used both to measure the
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energy of groups of particles associated with gamma radiation and to pick
out & particular group of particles for the study of its associated radiation.

(e.4.2) Determination of internal conversion coefficients—The ejection of a K
or L electron from the electronic structure of an atom as an alternative to the
emission of a gamma ray quantum originating in the nuclcus of the atom is a
process whose probability depends on the multipolarity of the radiative transi-
tion. The ratio of the number of K electrons ejected to the number of L elec-
trons, or the absolute probability of ejection of either may be observed
experimentally and related theoretically to conversion coefficients calculated
for the various multipole orders. This method, which has been much used in
the determination of the multipolarity of isomeric transitions in heavy nuclei
(SEGRE and HELMHOLZ®) fails unfortunately for light elements owing to the
decreasing probability of conversion and to the rather small difference between
the coefficients for differing multipoles.

There is, however, another type of internal conversion, practically in-
dependent of atomic number, and increasing in probability with energy, in
which the quantum energy appears in the form of a positron-electron pair.
The theory of this process, both for total cross section and electron-positron
angular correlation has been worked out (RosE%, HorToN17), and shows
that the angular correlation provides the most sensitive test for multipolarity.
The absolute yield is about 10-3 pairs for a quantum of energy 6 Mev in a
nucleus with Z = 10. Absolute yields are rather difficult to measure (RAE1%,
Mims et al.'®, DOUGHERTY et al.l®), but the angular correlation has been
checked for the pair emission in the reaction F1%(p «, ) O'¢ (DEvoNs and
Linpsey!!). In this particular reaction the pairs arise as a result of an electro-
magnetic transition between two states of zero spin and the same parity, for
which gamma radiation is forbidden (cf. Section IV e.4).

(e.4.3) Beta-decay—Many light nuclei formed by transmutation processes
decay into stable nuclei by the emission of S-particles, and in many cases the
transition takes place to an excited state of the final nucleus as well as (or
instead of), to its ground state. The theory of f-decay, which has recently
been reviewed by SKYRME!2, is in some respects analogous to the radiation
theory discussed in Section IV e.4. In particular the probability of B-decay,
and thus the lifetime of f-emitters, depends on both the energy and angular
momentum change in the transition, and determination of these quantities is
therefore useful in assigning spin and parity to the states concerned. It is
found that f-emitters may be classified empirically according to the value of the
quantity f¢ (comparative half-life) where ¢ is the half-lifc and f is an energy-
dependent factor, which may be calculated from the upper limit of the g-
spectrum (cf. FEENBERG and Trica!13). The lowest fi values, of the order
of 103, belong to superallowed transitions which take place between nuclei
which have the same ground state wave-function such as the mirror nuclei
(Li"Be7; C1BN13 ete.). Rather higher ft values, of about 104 to 105, correspond
to allowed but unfavoured transitions, in which there is still no parity change,
but a change in wave-function (Li®Be?). Higher f¢ values correspond to

202



EXPERIMENTAL METHODS FOR THE STUDY OF EXCITED STATES

successively more forbidden transitions. Theoretically the difference between
the different orders of forbiddenness is ascribed to a factor of the form Rz,
entering into the probability of the § transition, but variations may also enter
owing to particular configurations of the initial and final nuclei (FEENBERG
and Hammack!3).

The selection rules for changes of angular momentum and parity in S-decay
depend on the mechanism assumed to represent the decay process. Two sets
of rules, known as the FErMI selection rules and GAMow-TELLER rules, cover
the simplest types of interaction and are given in Table 3; the GaMow-TELLER
rules seem to agree the better with experimental facts except in the case of
certain O —O0 transitions (see 04).

Table 3—Selection rules for f-decay

s transiion [ Ferma rules | Gamow-Teller rules
i Spin chanqge { Panrity change 1 Spw change Parity change
l I T
Allowed . . . . .. % 0 : no 0+1 no
‘ 1 except 0—>0
1st forbidden . . . . | 0-=1 ' ves ! 04142 yes
2nd forbidden . . . . i +142 , no | 00,4243 no

Assignment of a given f-transition, which may be a partial spectrum, to
a particular class is not alway< unambig-ious, since the f values for the different
classes of transition overlap, and reference must sometimes be made to the
detailed shape of the spectrum (cf. Wul4). Classifications of S-emitters have
been published by Konorinski!!, FEATHER and RICHARDSON!16, FEENBERG
and HamMmAck!3, and a list of f¢ values by FeiNcoLD!, and the assignments
of most transitions to allowed and forbidden categories have been discussed.

Complexity of a f§ spectrum, resulting from transitions to more than one
state of the final nucleus, is shown by deviations of the Fermi plot of the
experimental momentum distribution from a straight line. Further information
on the nature of the decay scheme may be obtained from coincidence experi-
ments (MITcHELLS,119), .y coincidence counting shows whether or not a given
p-transition is linked with the ground state of the final nucleus; y-y coincidences
indicate complexity of the gamma ray spectrum. High precision in the spectro-
meter determinations of 8 and y energies, coupled with coincidence measure-
ments, usually enables the decay scheme to be settled unambiguously except,
in certain cases, for the order of emission of gamma rays in cascade. Experi-
mental methods for the study of 8 spectra and decay schemes have been
reviewed by CAVANAGH®; the most important recent developments are the
proportional counter method (CurraN, ANcus and CoCkROFT?; PONTE-
corvo?®) which is especially suitable for the investigation of § spectra with
low end point energy, and the scintillation spectrometer using organic or in-
organic phosphors (JORDAN and BELL®; PRINGLE®).

An example of this type of work is the analysis of the activity of Na by
S1EGBARN!? who studied both 8 and y ray spectra of this nucleus with a lens
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spectrometer; the spectra obtained are shown in Fig.17, from which there is
evidence for a simple f-spectrum of upper limit 1-39 Mev and two p-rays of
energies 1-38 and 2-76 Mev. Coincidence counting methods, summarised by
MrrorELL!® confirm that there is a simple 8 spectrum followed by two gamma
rays in cascade. The ft value for the f-transition places it in the first forbidden
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¥ig. 17. B and y spectra of Na* (SIEGBAHN!®),

class, and suggests that the transition Na2t—> Mg? has AJ =0, 41 (Yes)
(KoNorinsk1''®). The level structure of Mg24 resulting from these and other
measurements is discussed later (Section V B).

(f) Excitation by the photo-effect
Nuclear photo-effects are often the inverse of a familiar capturc reaction,
e.g. H¥(yn)H', and H'(ny)H2. This type of reaction has not been much used
for the study of the excited states of residual nuclei owing to the inflexibility
of the available sources of homogeneous gamma radiation. The high intensity
continuous sources of white X-radiation now available from synchrotrons
and linear accelerators, and (of lower energy) from electrostatic generators,
have however made possible the detection of direct excitation of bound levels
in some cases in the heavier elements, where isomeric levels of long life exist.
Continuous X-radiation has not yet been made sufficiently homogeneous,
e.g. by crystal reflection, to enable it to excite bound levels (whose radiation
width may be only about 0-1 volt) without also giving a large intensity of
non-resonant Compton scattering. It is a general rule that nuclei cannot
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absorb specifically the radiation which they emit, owing to recoil, but for heavy
elements at least it is possible, by moving a radiating source at a speed of
about 10° cm/sec to restore by means of the Doppler effect the energy lost
in recoil (MooN12t), In this way, resonant scattering of gamma radiation has
been demonstrated, and from the cross section, the radiation width and hence
the lifetime of the level may be deduced. It is possible that this, or an
equivalent method, will ultimately be applied to the levels of light nuclei.

In particular cases the photo-effect may be used to study heavy particle
reaction mechanisms; some knowledge of the bremsstrahlung spectrum must
be assumed to give nuclear level shapes (GowarD, TELEGDI and WILKINS!22),

(g) Angular distribution and angular correlation experiments

The experimental and theoretical study of angular distributions and correla-
tions in nuclear reactions has been responsible in the last five years for an
important increase in our knowledge of the properties of the levels of light
nuclei. It is convenient to divide discussion of these processes into those in
which a compound state plays a part (two stage processes) and those such
as stripping reactions and interactions of the very lightest nuclei in which
direct transition between initial and final states is a sufficient description (one
stage processes). We may represent processes of the first class as either
(a) a transmutation

A+p—>"—>B+q 9

or (b) a process in which an excited nucleus emits two radiations in rapid
succession

D>C+p

10
C—>B+gq. (10)

These two cases are formally equivalent: each may be considered as a two-stage
process proceeding through the compound nucleus C. The experimental
information generally consists, in casc (a), of the yield of ¢ as a function of 0,
the angle in the centre of mass system between the direction of emission of ¢
and of incidence of p (angular distribution); in case (b) a study is made of the
variation of the number of coincidences in a pair of suitable counters detecting
the radiations p and ¢ with the angle between their axes (angular correlation).
Fig. 18 illustrates the diffcrence between the two types of observation. Case (a)
includes most of the straightforward angular distribution work which has been
carried out for transmutations and involves only introducing the extra variable
0 into the apparatus used for range measurements; typical arrangements are
those of HEYDENBURG et al.123 and of MARTIN et al.124 for heavy charged particles
and of DEvons and HINE®® for capture gamma radiation. Fig. 19 and 20
show some of the results of these workers. Case (b), where p and ¢ are suc-
cessive gamma-rays has been particularly studied by BRapY and DEuTSCH!%3;
some of their results, obtained by using scintillation counters as detectors,
are shown in Fig.21. These suggest, when compared with theory, the scquence
of spins 0-2-4 in the lowest levels of Mg2® (cf. section VB).
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The importance of measurements such as those just described lies in the
information which they give about the changes of angular momentum and
parity in the reacting system. The theory necessary for the interpretation

N of the experimental results was first

Conter digcussed, with particular reference to the

\ case of successive gamma ray transitions,

4! 7 by Hamirton'? and by GorrTzEL'¥ and
Y 9 generalisations to cover angular correla-
i \Of tions between heavy particles and quanta
in two stage processes have been made by

Yang!® and by Faikorr and UHLEN-
BECK!®, Typical discussions of experi-
mental results for processes of type (a)
have been given by INaLIS!®, 13! for the
Li’(pa)He* reaction and by CHA0% for
F1¥(pq, )0, A review of the whole sub-
ject of angular correlations in two stage
processes has been given by DEuTscr!®,

The essential features of these treat-

Counter

Y) Angulor correfation ; b r
Fig. 18. Angular distribution and angular ments may be summarised as follows: In

correlation experiments, processes of type (a) and (b) the capture

or emission of particle p will form or leave

the nucleus ¢ in a superposition of states; for simplicity we consider the
special case when only one state characterised by a total angular momentum
quantum number J is formed. This state has, for any specified axis of quanti-

//_ sation (e.g. the direction of
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Fig. 19. Angular distribution of alpha-particles from reaction  Fig. 20. Angular distribution of -
Li*(pa) with tespect to the ‘direction of the incident protons  radiation from F¥(pa, y)0'* (DEVONS
(MARTIN et al.'®™). and HINE").

numbers J,, as is well known in the case of the Zeeman splitting of optical
spectral terms. If it happens that there is an equal probability of forming
any of the substates of the state J, then the nuclei C' concerned in the
process are effectively isotropically distributed, and no correlation (isotropy)
between the directions of p and g will be observed. In general however the
magnetic substates are not formed with equal weight. To determine the
probabilities, it is necessary to express the wave function describing the initial
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system with its particular orbital and spin quantum numbers, in terms of eigen-
functions of the compound state of ¢ with angular momentum quantum
number J and substates J;. The necessary transformation coefficients are given
by CoNpoN and SHORTLEY!®, The compound state (J, J) will have a finite
lifetime before the emission of ¢ and it is necessary for the interpretation
of an angular correlation experiment for this lifetime to be much shorter than
the time required for perturbing fields to destroy the orientation of the nuclei
with respect to the chosen axis of quantisation. If this is so, then the wave
function describing the emission of the radiation ¢ from the nuclei ¢ may be
expressed in terms of the eigen-functions T T T
of the state J of C' by transformation theory. 2
If ¢ is a charged particle the space wave s
function of the final state, for large dis-
tances of separation of B and ¢, can be

resolved into a set of partial waves of 1 sk
orbital angular momentum quantum num- s L
ber ! and z-component m. The angular < ’

dependence of the amplitude of these par-
tial waves is given by Y™ (6¢) and the
corresponding intensity is proportional to “
(Y™ (0p)]2. If g is a photon, the eigen- -
functions of the final state represent the %o 7
classical radiation field descrilied by Ma.- 6 ——

well’s equations and there are particular gﬁ;“?;'m;‘s“g‘;‘:Ni‘:f’:‘:‘:‘g‘“ffm;‘fﬁ:s
types of field for each ! and m value DERUTSCH!™).
(HEITLER3); the orbital angular momen-

tum in the final system determines the multipole order of the quantum,
A study of the angular correlation in either case may lead to angular momentum
assignments.

In most cases the problem of interpretation is complicated by the possibility
of the emission of particles with more than one I value in a transition between
two states. These radiations are coherent and their amplitudes must be added,
with the assumption of arbitrary phase factors. Similar complexity results
when the nucleus C is formed in a superposition of states of different J
which is in general the case in an angular distribution experiment. Moreover
the simple procedure that has been outlined applies only to cases in which
the initial nuclei 4 (or D) are isotropically distributed. This is of course
true if D is a radioactive element or if 4 is formed by capture of an s-wave
particle, but the general case of the formation of 4 in a nuclear reaction and
its subsequent decay is properly a three-stage process. Such processes have
been discussed by BIEDENHARN, ARFKEN and RoSE!%,

The general formulae for angular correlations are complicated and will
not be quoted here. They include resonance denominators from which the
energy dependence of the angular correlations may be calculated, and in the
case of charged particles, penetrability factors for different I-waves, together
with other factors varying more slowly with energy which represent intrinsic
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reaction probabilities. In many simple cases these factors may be disregarded
and the theory of angular correlation then reduces to the linking together of
three nuclear states with certain spin by the transformation coefficients for
angular momenta. There are, however, a number of general results which are
useful in analysing particle-particle or particle-quantum angular correlation
patterns. Most of these also apply directly to correlation of successive quanta:

(1) Axial symmetry—The distribution of ¢ is independent of azimuth about
the direction of p since the initial configuration is an incoherent superposition
of the states of spin of the two interacting particles.

(2) Isotropy—Angular distributions or correlations are isotropic when the
incident wave, compound state or emitted wave has spherical symmetry, so
that all sense of direction is lost. This is 8o if I = 0 for the incident or emitted
particle, or J = 0 or } for the compound state. The emission of a photon
must carry at least one unit of angular momentum, as is shown by an evalua-
tion of the moment of momentum of a spherical wave in the classical radiation
field. However, superposition of a number of anisotropic patierns may also
lead to isotropy.

(8) Symmetry—Anisotropic distributions may be cither symmetric or
asymmetric with respect to the origin of the radiation. If only one compound
state is involved in the reaction, or if all the compound states involved have
the same parity, the intensity distribution of emitted particles will be symmet-
rical under reflection in the origin and may be expressed in even powers of
cos . Odd powers of cos § in heavy particle and quantum distributions can
only result from interference between orbital wave-functions of opposite
parityt. The parity of photon wave-functions is not determined by the
angular momentum carried away, but the same result holds.

(4) Energy dependence—Variation of pattern with the energy of p usually
indicates the effectiveness of more than one compound state.

(6) Limitations on complexity of pattern—One of the most useful general
results is stated by Yana!® as follows: “If only incoming waves of orbital
angular momentum [ contribute appreciably to the reaction, the angular
distribution of the outgoing particles in the centre of mass system is an even
polynomial of cos 0 with an exponent not higher than 21.”” This is true even
if the compound state or outgoing waves have greater I values. Tf the outgoing
wave hasan orbital momentum I’ <[, the complexity of the pattern is determined
by I’. Multipole radiation of order ! behaves in this respect as a particle with
orbital angular momentum 7; thus if in any process dipole radiation is emitted
before or after another particle the correlation function cannot have terms
higher than cos? 0.

The angular correlation patterns observed with radiation are independent
of the parity changes in the transitions, and therefore give no information as
to whether the radiation is of magnetic or electric type. This may be ascer-
tained by observing the polarisation direction correlation of the radiation,

1 0dd powers of cos 0 also appear in relativistic problems such as electron-electron and electron-neutrino
correlations (YANG'*), in which orbital and spin momenta cannot be treatcd independently.
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since for a given multipole, the electric vector for an electric transition is at
right angles to that for a magnetic transition. Experiments of this type for
successive gamma quanta have been made by METZGER and DEuTsoR136,

One of the most successful applications of the theory of angular correlation
to light nuclei is presented by the work of BarNEs, FRENCH and Devons!®?
and of ARNOLD® on the second excited state of oxygen at 6:13 Mev. This
state is excited in the reaction

F19 L H1-> Ne20— O16% | o
01%* > 019 1 5 (6.13 Mev).

The angular distribution of the alpha-particles with respect to the proton
beam at the resonance energy of 340 kev is isotropic, and so is that of the
gamma radiation, but the directional
correlation of the gamma radiation with
respect to the alpha-particles is markedly
anisotropic; the actual experimental re-
sultsareshown in Fig. 22. The distribution
requires terms up to cos® 6 for its ex-
pression, which indicates that the orbital
momentum of the alpha-particle and the
angular momentum of the 0¢* nucleus
must each be at least 3. If it is assume!
that the compound state of Ne®has J =1 Lf, (L, {THEE et masier for sipher
and that it is formed by s protons, so that  F*»px, »)0' (BsrNES, FRENCH and DEVONS™)
these nuclei are isotropically distributed,

the two stage theory can be applied and the observed pattern can be completely
predicted. The radiative transition is octupole and polarisation experiments
(FrENCH and NEwTON, private communication) show that the transition is
electric, so that the 6-13 Mev state of O is of the type (3-). The assumed
l-value for the alpha-particles then requires that the Ne2 level shall be of the
type (14-), and since this state is formed by s-protons from F9, the parity of
¥ must be even, in agrecement with the prediction of the independent
particle model. It is evident that this experiment gives an unusual amount of
valuable information.

The general properties of (8-y) angular correlations have been listed by
Farkorr and UHLENBECK!®. As might be expected, an allowed p-transition
leads to no angular correlation (isotropy), and so also do forbidden transitions
whose spectrum is of the allowed shape. Very few anisotropic patterns have
been observed.
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(h) Angular distributions in stripping processes
Nuclear reactions of the (dp) and (dn) type produced by high energy deuterons
may be thought of as proceeding by a stripping process, in which either
the neutron or proton of the incident deuteron enters the bombarded nucleus
and is absorbed by it, leaving the other particle to carry off the balance of
energy and momentum. No formation of a compound state is involved,
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and asymmetry of the angular distributions mayin general be expected.
Observations of (dp) reactions with 8 Mev deuterons show that the angular
distribution of the emitted particle in such reactions is characterised by a very
strong forward peak. Fig. 23 shows the results of Burrows, GrssoN and
RoraraT!® for the O'%(dp)OY reaction using the photographic plate method
of detection; the two curves correspond to the fornration of 0" in its ground
and first excited states. BUTLER!4 has shown that this forward peak is
characteristic of the stripping process and that from the position of the max-
imum the spins and parities of the nuclear states concerned may be predicted.
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Fig. 23, O'(dp) angular distributions in centre-of-mass system; deuteron energy 8 Mev (BURROWS et al 1%9),

In the case of O'%(dp) the results show that the neutron enters the 0 nucleus
with orbital angular momentum 2 when it forms O in its ground state, and with
no angular momentum when it forms O in its first excited state. The ground
state of 0" should therefore be (3 or §, +) and the first excited state (} +).
It is obvious that this type of reaction gives the parity charge in a reaction
directly, and the method will undoubtedly be exploited considerably in the
future.

(i) Measurements of the lifetime of nuclear states

In heavy nuclei excited states of low excitation and high angular momenta
may have very long lifetimes, and are known as isomeric states (SEGRE and
HeLmuorz®). The lifetimes of the bound excited states of light nuclei
although also dependent on the angular momentum change, are very consider-
ably shorter, although not so short as to make radiation widths directly
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measurable at present. The lifetimes (or radiation widths) can be caloulated
on the assumption of particular nuclear models (¢f. DEVoNs?, p.101).

Measurements of lifetime of nuclear states of the light elements have been
based on the Doppler effect and on recoil. If gamma radiation is emitted from
a nucleus which is moving the spectrum will be broadened; if the nucleus is
moving in a solid target the time after its formation before it is brought to
rest can be calculated. In this way, ELLioTT and BELL4 showed by careful
measurement of the energy spread of the gamma radiation from Li™ formed
in the B'(na)Li’* reaction, that the excited state of Li’ has a lifetime of
0-76 X 10713 gec. The recoil method has been used by DEvoNs, HEREWARD
and LINDSEY!42 to measure the lifetime of the pair emitting state of O,
The excited O in this experiment recoils after the emission of an alpha-
particle in the reaction F1¥(pa)Ol*, A lifetime of 7 x 10~ secs was established.
The lifetime of Be® against alpha-particle break-up has been estimated by
MiLLAR and CAMERON43, by observation of recoiling Be® nuclei in a photo-
graphic emulsion to be (53 +1-1)10-'4sec, but this value is probably an
upper limit (WILKINS and GowaRrD!#4). The delayed coincidence method of
determining half lives (BUNYAN!# ¢t al.), which has been very fruitful in the
study of isomeric transitions in heavy nuclei, has not yet been applied to
light nuclei.

(j) Summary of experimental methods available for study of excited states of
lig'u muclei

It is clear that practically every type of nuclear experiment yields some
information on the properties of the levels of light nuclei. We may summarise
the foregoing discussion as follows:

Position of level: Energy distributions of elastic and inelastic processes, including
transmutation and scattering (IV, a, b, ¢, d, ¢). Resonance peaks or thresholds in
oxcitation functions (IV, a, b, ¢, d, e).

Angular momentum: Angular distribution of reaction products (IV,g). Angular
correlation of successive transitions (IV, g). Gamma ray multipolarity (internal pair
formation) (IV, e, 4.2). f-transition probability (IV, e, 4.3). Total cross section (IV, d).
Cross sections for iverse processes (IV, a.3).

Parity: Angular distribution of reaction products (IV, g). Gamma ray multipolarity
(IV, e, 4-2). Polarisation-direction correlation (1V, g). f-transition probabilty (IV, e, 4-3).

Width, lifetime: Analysis of resonance curves (IV, e, 1). Resonant scattering of y rays
(IV, f). Doppler effect of gamma radiation (IV, 1). Recoil method (LV, i).

V. EXPERIMENTAL EVIDENCE

Experiment has provided detailed information on the excitation energy and
width of many nuclear levels, but the evidence for their spin and parity is
usually much less definite. This makes it useless at present to attempt to draw
up anything resembling an atomic term scheme for nuclei, and the classification
of the observed levels of a particular nucleus is best based on excitation energy.
The presentation adopted by HorNYAk, LAURITSEN, MORRISON and FowLER!
will be followed here, and their numerical values will be used unless later
work (up to August 1951) has suggested modification. The main body of
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references will also be found in their article; usually only the more recent
work is quoted here.

The angular momentum, and (in the case of radioactive nuclei) the com-
parative half-life (f¢ value) of nuclei in their ground state are important in
assigning properties to excited states, and the observed values for the nuclei
discussed in this section are given in Table 4. Magnetic moments and electric
quadrupole moments are useful in assigning quantum numbers to the ground
state of some nuclei but have not been tabulated. The ground state character
predicted by the independent particle model with weak spin-orbit coupling is
also tabulated for reference. Where there is good evidence for a spin or parity
assignment for an excited state from nuclear transmutation experiments the
value is shown on the energy level diagram enclosed in brackets.

Table 4— Properties of light nucles in their ground state

Ground state | Ground state Ground state | Ground state
Nucleus | (I P.model)| spin 1t Nucleus | (I P.model)|  spwn 1
@) v @ 1 . @ t 1t
Heb ’Pg, — (1) launst&ble Ccu 18, + 0 9-3 108
Li® Py, — ) Nu 38y + 1
He® 18,, + (0) 590 o o + © 3000*
Li¢ 9, + 1 1 N 2py, — 1
Li? 2P, 3 0% 2y, - ). 3700
b,
Be' |y, — | (3) 2300 Ne | sp, @ | 64 100
» 3600* ! '; 1-2 108*
1 .
Li® 3Py, 44 105% ! ', ; :f,.?, 1321
Bet 18, + 0) o S8 - | 0 '
B Py, + 3.2 100 Pfe T
! 0
| oV ET 2 :
Be? Py 3 e A N A P
BY ng, — | cunstable o Sy i ! () 3240
018 1§ 0 .
L} o 13 I 05
}B}?:o ;g:, .{l— | ((')) 7-9 10 F18 DS, ) 4100
Cuo lSo, - ‘: (0) 2100* e | zsa, -+ ![ 3 i
Bu Py | 3 Ne'® 235- + o (3) 2000
» 77 2 )
cn Py, - (%) 4300 oo @ 7108
_ ? 8 104*
S R RS
0 - '
Nt |spo o | |17 108 | 1
; Nazt | 4| 122 10
(s 2 p’%’ — 12 | 5 1012*
N1 2Py, — | () 4500 Mg . 18y, -+ (0) *

(a) The ground state characters are taken from HLMF? or from ROSENFELD?, except that the d-shell
is assumed to start filling at A = 17.

(b) MACK [Rev. Mod. Phys. 22, (1950) 64] lists experimentally determined angular momenta. J values
suggested by nuclear transmutation experiments or by £-decay are included in brackets

(¢) HLMF Table 66; FEINGOLDY’,
* Transition to excited state of residual nucleus.
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The division of the nuclei into odd and even isobars for the purpose of
discussion is naturally suggested by the importance of Coulomb forces, and
of Heisenberg forces respectively in these types of nuclei. Most of the odd
isobars of low atomic number group into pairs of mirror nuclei, in which the
numbers of neutrons and protons differs by + 1. The sub-division of the
even isobars into nuclei of mass number 4n and 4742 has not much to
justify it theoretically, but shows up some experimental regularities.

4. The odd isobars.
(i) H3—He3.
These are not known to have any excited states. The neutron-proton mass

difference outweighs the Coulomb energy difference and H3 is unstable against
electron emission.

(ii) He5—Li®.

These nuclei have one nucleon in the p-shell and a pair of low states of the
type 2Py ; with a eplitting due to spin-orbit interaction is expected, but the
binding of the extra nucleon to the alpha-particle core is not strong enough
to make either nucleus stable. The cxistence of the nuclei is revealed by
results on the scattering of protons and neutrons by helium; and by trans-
mutation experiments.

The results on the (nHe*) scattering are collected by ADAIR? and show a
single maximum in total cross section at a neutron energy of about 1-1 Mev.
The latest work on the (pHe*) scaitering (FREIER. Lamei, SLEATOR and
WiLL1AMS!48) shows a maximum at backward angles in the differential cross
section for protons of 2:2 Mev energy. Analysis of these results (CRITCH-
FIELD and DODDER!¥?, ADAIR!#, 149 GOLDSTEIN'®) is not unambiguous but
favours the conclusion that the doublet Py-P, is inverted in both He® and Li®
and that the nuclei are unstable in their ground state by about 1 and 2 Mev
respectively with level widths of about 1 Mev. The P, state is also wide
and is required to lic about 5 Mev higher in each nucleus; this splitting
presumably measures the spin-orbit interaction. The He® levels are depressed
by about 1 Mev with respect to those of Li® owing to the Coulomb energy
difference and level shift A4 (Section III).

The reaction Li’(dx)He®*(n)He*t gives a group of alpha-particles corre-
sponding to the formation of He?® in its ground state, which appears from
this reaction to be about 1 Mev wide. The angular correlation between the
alpha-particles of this group and those resulting from the subsequent break-up
of Ho®™ (lifetime about 10~ sec) is anisotropic which eliminates the pos-
sibility of a pure P, ground state (FRENCH and TrREACY %2). He® is also formed
in the reactions He!(dp)He® and T(tn)He® (LELAND and AGNEW!!) and in
the latter reaction there is evidence for a 2:6 Mev excited state which could
be the expected P, level. Li® is formed in both ground and excited states
in the process Li%(yn)Li*(p)He* (TrrTeErRTON and BRINKRLEY!5?) Highly
excited states of these nuclei aro effective in the reactions H2(ta) n and H2
(He®a)H!.

__T This abbreviation indicates Li%(dx)He* followed by He*-»1et+ n, i.e. a two-stage process.
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(iii) Li"—Be’

The two identical nucleons external to the alpha-particle shell in these nuclei
are assumed to couple to give a spin zero. The remaining odd nucleon in the
p shell should lead to a 2P , doublet. The observed spin of § for Li’ shows
that the doublet is inverted. The first excited state of Li’ has been very
firmly established at 479-0 41 kev by observation of the reactions Lié(dp)
B1%(na), Be®(da), Li’(pp!) and Be?(K)Li?, and a mirror state in Be?at 434-4 - 4kev
excitation was observed recently by BrowN, SNYDER, FowLErR and LaAv-
RITSEN!53 in the reaction B9(pa); it has also been found in the reactions
Li’(pn) and Li%(dn). The assignment of spin } to the first excited state of
Li" is supported by observation of the angular distribution of the gamma
radiation from the inelastic scattering of
750 protons by Li’ (isotropic for Ep up to
——— — 1Mev) and by the angular correlation
between the short range alpha-particles
v97 and subsequent gamma radiation in B19(ne)
(isotropic) and between short range protons
and gamma radiation in Lis(dp) (iso-

. tropic) (NEWTON1%, THIRION 185, CLASS and

Dissociation energy (e HANNA1%), The spin of the mirror state

w9 (rtt) | Keapture lowse (1) | in Be' also could be § from observation
. . of the angular correlation between neu-
W2 Ground state Be trons and gamma radiation (isotropic) in
energy dlfference 08 Mev the reaction Li(dn) (THIRION157). These

Fig. 24. Levels of mirror nuclel Li’Be”. assignments are in doubt chiefly because

it is difficult with an excited state of
spin 4 to account for the branching ratio of 19/1 between short range and long
range alpha-particles in the reaction B19(n«)Li?*(y)Li? with thermal neutrons.
At higher energies however (BECHSEL et al.}®), the ratio approaches the value
1 predicted by the statistical weights of the final states on the assumption
of an inverted doublet. The lifetime of the excited state of Li? is consistent
with the emission of magnetic dipole or electric quadrupole radiation; the
2P, - 2Py transition of course takes place with no change in parity.

Be? decays into both the ground and 479 kev excited states of Li? by
K-capture. The transitions are allowed and 10% of the disintegrations lead
to the excited state (WrLLiamsoN and RicHarDs!®). This is in agreement
with the theoretical ratio for transitions between a P, ground state of Bo?
and a P, excited state and Py ground state of Li’, but the experimental
branching ratio could also be fitted by the assumption of mixed P and D ground
states.

The level schemes for Li? and Be” are compared in Fig. 24t. This shows
a further state in Li’ at 4-77 Mev found from the reactions Li’(pp’), Li'(aa’),
Li"(dd’) and Be®(da) (Gove and HARVEY!®), and another at 7-50 Mev found
t In this and other diagrums of the level schemes of the odd isobars the ground states are placed side by

side; the actual energy diffcrence is noted on the diagram. Experimental resuits for angular momenta
and parity, usually tentative, are noted in brackets.

214



EXPERIMENTAL EVIDENCE

from Be®(da) only. The 4-77 Mev state could be the *P, component of the
spin-orbit doublet ; the splitting would then be similar to that suggested for Hes.
The higher state corresponds well with a 7-03 Mev state in Be? identified as
a resonance in the reactions of Li® with protons (BASHKIN and RICHARDS!®);
the expected 4:8 Mev state in Be” has not yet been reported. The mirror
nature of the two nuclei is well verified, the slight depression of the Be’
levels relative to those of Li? being interpreted by INGLIS!62 and by MoTTEL-
SON1%2 as due partly to expansion of the Be’ nucleus and partly to magnetic
effects. This is consistent with the difference between the observed and
calculated Coulomb energy difference (Table 1) which suggests a greater
nuclear radius for Be’.

Detailed theoretical discussions of the properties of this isobaric pair have
been published by FEENBERG!# and by INGLIS!2,165 and a compilation of
the relevant experimental information up to the end of 1950 is given in the
paper of BROWN, SNYDER, FOWLER and LAURITSEN153,

(iv) Be*—B?

These nuclei resemble the He®—Li® isobars on the assumption that they may
be considered as one nucleon external to an alpha-particle core. Be? is stable
but the extra Coulomb repulsion in B? makes this nucleus unstable with
respect to break-up into (2« p). Be® has a narrow state at an excitation
energy of 2:42 Mev, which, although it exceeds the dissociation limit by
0-7 Mev, is less than 7 kev wide. The state has been found in the B!(dw)
(VAN PATTER et al.1%) and Be®(pp’) (RHODERICK ¥, BROWNE et al.1%7) reactions.

Further evidence on states of Be® may be inferred from the variation
with energy of the cross section for the photo- and electro-disintegration of
Be® and from the angular distribution of the resulting neutrons. Gurm and
MuLLIN 1 using a model in which a neutron is supposed loosely bound to &
Be® core, and with the assumption of a Py ground state for Be?, predict a
bound 8, state about 100 kev below the dissociation energy and a broad
D state at an excitation of about 4-2 Mev. No other evidence for these states
has been found; and the known state at 2:42 Mev has not yet been shown
to take part in the (yn) process. The P, component of the spin-orbit doublet
has not been identified.

Little is known of B?, which is produced in the reaction Be®(pn); there
seem to be no levels up to 1:8 Mev.

(V) BU_CH

The lovel spectra of these nuclei are compared in Fig. 25, and clearly corre-
spond quite well, with some depression of the C! levels which may be due
to expansion of this nucleus (cf. Be’). The levels of B! are determined by
magnetic analysis of the proton groups in the B'9(dp) reaction (VAN PATTER16?
et al.), and association of some of these groups with gamma radiation has been
shown by CurLING and NEWTON1% while some of the intercombination gamma
ray energies have been measured with a pair spectrometer by RUTHERGLEN,
RAE and Smitr!™, The angular correlation between the protons emitted in the
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formation of the 2-14 Mev state in the B!°(dp) reaction and the subsequent
gamma radiation is isotropic (THIRION1%6) suggesting spin 4 for thus state.
The lower Q-values found in the (dp) experiments correspond to virtual
levels in B unstable with respect to alpha-particle emission, and three of
these levels have already been observed in the Li?(ay)BM reaction (BENNETT,
Roys and TorpEL!"). A broad level at 11-6 Mev is deduced by fitting BREIT-
WIGNER constants to the observed variation of cross section of the B!9(na)
veaction with neutron energy (MorT and Massey$, p.325). The study of

" the levels of B! well illustrates the
' application of the different techniques
07 discussed in Section IV.
37
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Fig. 26. Levels of mirror nuclei BuCY, ¥ig. 26 Levels of mirror nucler C13N?3,

The C* levels are obtained mainly from the B!'?(dn) reaction (JonNsoN172)
using separated isotopes to distinguish the BY(dn) groups, and from the
B19%(pa) and B9(py) reactions (WALKER!%?); gamma radiation from tho 9-7 Mev
state of C! probably competes with low energy alpha-particle emission.

(Vi) Cla__Nl3
The independent particle model predicts a ground state of the type 2P, for
these nuclei, and this is verified by observation for C'3.

Two low states of N3 have been found in the reactions C'%(py), C'*(dn)
and C'%(pp) (elastic scattering) (GOLDHABER and WiLLiaMsoN™). The first
state, at 2:36 Mev is observed in all three reactions and has a width of 35 kev
which suggests its formation by s-wave protons*. This agrees with the observed
isotropy of the capture radiation from the level, while the radiation width
of 0-63 ev estimated from the (py) experiments fits with the assumption of
electric dipole radiation. The level thus appears to be of S, character. The
next level, at 3-51 Mev, is also found in all three reactions and has double
the radiation width; the cross section at resonance in the C'%(pp) reaction
can be fitted by the assumption of close Pj and D; levels. No other levels
have been obscrved up to an excitation of nearly 6 Mev (by the (dn) roaction).

* Higher ! values would give extremely high reduced widths in this reaction.
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The mirror nucleus C'? has levels at 3-09 and 3-68 Mev which probably
correspond to the 2-36 and 3:51 Mev levels in N3, The reasons for the dis-
placement have been discussed by THoMAs!™, 1" and by EHRMAN!™ in terms "
of the level shift 4 (Section III). The 3-09 Mev state in C!3, identified in
C'}(dp) (RoTBLAT') and N'5(d«) emits gamma radiation of encrgy measured
to be 3-083 Mev, whose pair internal conversion coefficient (THOMAS"?) agrees
with the value for clectric dipole radiation, in analogy with that expected
from the mirror state in N3, The C!® state is also shown to be of type
(/= % -) by measurements of the angular distribution in the C'2(dp) reaction
(RoTBLATY™); both this and its mirror state are presumably single particle
lovels. After the 3-68 Mev state the (dp) reaction yields a very close level at
3-90 Mev and then no more certain levels until 6-34 Mev, which isin a region
not investigatod for N'>. The 3-68 and 3-90 Mev levels in C'3 may correspond
to the close doublet suggested for the 3-51 Mev level in N3. There is some
suggestion for levels in the 5-6 Mev region in C'3 in both the B'%(xp) and C!%(dp)
reactions, but there scem to be none at this excitation in N3, nor is there any
evidence from neutron scattering by C'? that such levels in C3 exist. It is to
be hoped that the availability of stronger artificial sources of alpha-particles
will enable the (xp) experiments to be refined.

Fig. 26 compares the level systems of these two nuclei. A 0-8 Mev level
in C'3, which has been reported from time to time, was not found in a careful
investigation by BLUNDELL and RoTBLAT! using the (dp) reaction; nor is
it apparent in the work of “MaLM ar BUECHNER® on the N5(dx) reaction.

(Vii) N15_015

These nuclei have 1 nucleon less than O and are expected according to the
independent particle model to be 2P, in their ground state. The N spectrum is
remarkable for the rather great excitation (5:28 Mev) of the lowest excited level
and for the fact that this level is a member of a doublet of 30 kev spacing. The
existence of this doublet was inferred from angular distribution measurements
on an apparently homogeneous proton group in the (dp) reaction (PowELL,
private communication) before it was demonstrated objectively by magnetic
analysis (MAaLM and BUECHNER!®). Energy measurements on the gamma
radiation from the (ny) capture process in N4 (KINSEY, BARTHOLOMEW
and WALKER!®) agree well with the level system deduced from the (dp)
reaction.

The O'8spectrum below the energy of 7-6 Mev has not been well studied owing
to a lack of suitable reactions. The spectrum of gamma radiation from the
N4(py) capture process (JounsoN, Moak and RoBINSON18) fits in with levels
at about 5, 6 and 7 Mev which correspond with those of the mirror nucleus.
A level at 4:0 Mov in 0%, found in early work on the N'4(dn) reaction, has been
questioned (GrBsoN and LiveEsey!); it would be difficult to fit into the mirror
nuclous scheme. Both N6 and O have closoly spaced levels above the dissocia.-
tion onergy. Those of the former have recently been studied by observation of
resonances in the yield of the N4(np) and N'4(na) reactions by STETTER and
Boruze!'® (cf. also Fig. 8). The decay of 0% to N5 is allowed.
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(viii) O17—F1?

If the filling of the 3d-shell begins with these nuclei they should be of the
type (§+) in their ground state. This is supported by the observed spin
of § for 0" (ALDER and Yu®8). Confirmation of this latter value is obtained
from the analysis by BuTLER! of the angular distribution of the proton
groups from the 0'%(dp) reaction (Burrows, GissoN and RoTBLAT*) which
indicates a ground state of Dy or D;, and an excited state at 873 kev which
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Fig. 27. Levels of mirror nuclei NQ15, Fig. 28. Levels of mirror nuclei OVF1?,

is §;. Confirmation of spin } for the first excited state of OV is provided by
the (isotropic) angular correlation between protons and gamma radiation in the
0'%(dp) reaction (THIRION!%) and by the isotropic angular distribution of
protons to the excited state in N4(ap) (Royx!®4). An excited state of F!7 at
536 kev has been observed in the reaction 0'%(dn) (AJZENBERGI%) and the
angular distribution of the neutron group corresponding to this state suggests
a spin of §. The neutron group associated with the formation of F' in its
ground state has an angular distribution which does not disagree with u spin
of § for this state, so that the mirror properties of O and F'7 are well
verified. The # decay of F'? to the ground state of 0V is allowed (PEREz-
MENDEZ and LINDENFELD188, 187),

The rather complex level system of O' has been established by magnetic
and range analysis of the particle groups in the 0'%(dp) and F'®(dx) reactions.
Measurements of the total cross section of 08 for fast neutrons (BOCKELMAN188)
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identify the spin of the 4-56 and 5-09 Mev levels as §. A number of ana-
logous states in F'7 (see Fig.28) are known from the scattering and capture
of protons by 0 (LAUBENSTEIN ef al.1#?). The levels near 5§ Mev in O and
F1? probably include the D; component of the spin-orbit doublet.

(ix) FP—Ne®®, No?—Na2!, Na®_Mg?

For these nuclei the evidence on excited states rapidly becomes increasingly
fragmentary, and is in many cases confined to work on the positron spectrum
of the unstable nucleus and inelastic scattering of protons or deuterons by
the stable nucleus. The mirror characteristics of the ground state are shown
in Table 1.

(x) Odd tsobars with neutron excess + 3

Production of the unstable electron emitters Li?, C!'5, N7 has recently been
reported. There is no evidence on their excited states, but Li® and N decay
into neutron-unstable states of Be® and O and C'6 decays by an allowed
(unfavoured) transition to the ground state of N15. The nuclei O, Ne®. . . are
well-known f-emitters, sometimes decaying both to the ground and first
excited state of the product nuclei with probabilities which enable tentative
assignments of spin and parity to be made (cf. PEREZ-MENDEZ and BROWN190),
The nuclei He?, Be!l, B13 and F2! remain to be discovered.

(xi) Summary

Precise studies of reaction energies during the last few years have shown
that the similarity between mirror nuclei extends to many of their excited
states as well as to their ground states. This firmly supports the hypothesis
of the equality of the (pp) and (nn) forces. It is probable that future work
will exhibit still more similarities in the level spectra and that further con-
firmation of the identity between the spins of corresponding states will be
forthcoming. This identity in the case of the ground states is well shown
by the superallowed character of the B transitions, as represented by the
particularly small and nearly constant ft values. The theory of mirror nuclei
is so well verified that comparison of their binding energies is one of the best
ways of finding the nuclear radius R, and in particular of determining the
constant 7, in the expression R =7y A}, providing of course that the charge
independence of nuclear forces is assumed.

There has been no great advance in our understanding of the magnitude
of the level spacing. For “single particle”” nuclei such as Hes, Be®, C!3, OV
and their mirror isobars the doublet splitting is probably due to strong spin-
orbit forces of the type assumed by MAYER in order to provide a () coupling
scheme for heavy nuclei; the magnitude of the splitting seems to be 4-5 Mev.
The difference between the doublet separations of the stable and unstable
odd isobars of neutron excess + 1 can be accounted for, at least in the caso
of Li’Be?, by eloctrostatic and magnetic effects, and in some other cases by the
level shift predicted by dispersion theory.
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B. The even isobars of mass 4n

(i) Het

The 1s-shell of neutrons and protons is completed at the alpha-particle,
which has a maximum binding energy per nucleon, corresponding to saturation
of the nuclear forces. It is unlikely that low excited states should exist owing
to the compactness of the particle. The alpha-particle appears as residual
nucleus in the transmutation He3(dp)He* (Q = 18-5 Mev) but no excited state
lower than 20-9 + 0-4 Mev above the ground state has been detected (ALLRED!),
Gamma radiation of energy corresponding to a @-value 19-2 4 0-6 Mev has
been observed from the reaction H3(py)He* (RocHLIN and McDANIEL!%2,
ARrGo et al.1%3). The angular distribution of the gamma radiation corresponds
largely to a 1P,—18, transition (clectric dipole).

(ii) Li®—Be*—B®

The Be® nucleus is unstable in its ground state and breaks up into two alpha
particles with an energy release of 89+ 5kev. The reported lifetime of
20u (2 -) 199 (F21) about 510714 gec (MILLAR and CAME-
/2 R ek RON3) js probably an upper limit
70 T (WiLKINS and GOWARD!44),

The excited states of Be® dre shown
in Fig.209t. Some of the states, like
the ground state, are unstable against
break-up into two alpha-particles and
these, in accordance with the require-
Ground stafe  Tents of Bose statistics for alpha-
energy diference particles, must be of even spin and

BoMey parity. The broad level near 3 Mev of
width about 1 Mev has been observed
in the reactions BU(pa), B1%(dx), Li’(dn),

20 Li'(py), C'%(ya), in the scattering of
alpha-particles by helium, and in the
PXT— :)’2“ B-decay of the Li® and B® isobars (BAx-
Fig. 20. Levels of nuclei Li*Be*Be. TER, BURCHAM and Paur®, Lr and
WHALING %5, ALVAREZ!%) and is known
to break up into alpha-particles. There is some uncertainty as to the properties
of this level. WHEELER® suggested a spin 0 from his analysis of the (xa) scatte-
ring and the angular distribution observed in the reaction B!(px) (DEE and
GILBERT!®) is not inconsistent with this. This spin value might be checked by
observation of the angular correlation between the 14:8 Mev gamma radiation
and the associated short range alpha-particles in the reaction Li?(py). The obser
vations of STEARNS and MODANIEL!® on the angular distribution of the non-
resonant gamma radiation in the Li’(py) reaction suggest a difference between
the spins of the ground state and 3 Mev state of Be8, which might mean a spin
of 2 for the ground stato. On the other hand, the angular distribution in the

t In this and other diagrams of the level schemes of the even nuclei, the unstable isobars are placed
at the same level. Thus is equal to the decay encrgy of the electron-emitting isobar plus the correction 4 E
from Table 1.

"7
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reaction C'*(ya) (TELEGDI and ZuNTI2®) favours spin 2 for the 3 Mev excited
state which would be in agreement with the predictions of both the inde-
pendent particle and alpha-particle model. The decay of Li® and B® to the
ground state of Be® does not occur with appreciable intensity and must be at
least one degree more forbidden than the allowed (unfavoured) transitions
to the 3 Mev excited state, so that as it is likely from the independent particle
model that Li® has a high spin (> 2) this evidence favours a high spin for the
3 Mev state. There is some evidence (BurcmaM and FREEMAN) that the
3 Mev state observed in Li’(py)Be®* is wider than that effective in other
reactions and the possibility that the state is mixed is not excluded.

The other low lying states of Be®, revealed by groups in particle reactions,
seem to be mostly alpha unstable, and thus have even spin and parity, except
for that at 4-9 Mev which emits gamma radiation, presumably because of
odd spin or parity or both. Observations by THIRION!S on the angular correla-
tion between neutrons and gamma radiation in the Li’(dn) reaction suggest
spin 1 for this state. An alpha emitting state at 7-9 Mev is indicated in the
C%(y) reaction.

Of the higher states, three in particular have been studied in detail, namely
that at 17-62 Mev found as the 441 kev resonance in the Li(py) reaction,
that at 19-18 Mev showing as a resonance in the Li?’(pn) reaction, and that
at 19-9 Mev found in the Li’(pa) reaction. The two former, together with
another state at 18-14 Mev are noticed in the scattering of protons by lithium.

The 17-62 Mev state must be forbidden by either spin or parity rules to
emit alpha-particles. From the angular distribution of the resonant gamma
radiation (DEvoNs and LINDSEY 22, STEARNS and McDANIELI®), this state
seems to be formed by s-wave protons and to be a (1) state, although the
observed cross section for elastic scattering of protons at the 441 kev resonance
requires the assumption of p protons and indicates a (1) state (ComEN23),
The two sets of observations may be reconciled by the assumption that botk
the ground state and 3 Mev state of Be? have J = 2 (DEvoNs and LiNDsSEY 202),

The 19-9 Mev level is a broad state of even spin and parity, since it occurs
in the Li(px) reaction, and the assignment (2-) seems very likely. Electric
quadrupole radiation competes with alpha-particle emission from this level
and interferes, at a given proton energy, with the resonant dipole radiation
of opposite parity from the 17-62 Mev state. The resulting pattern is that
studied by Devons and HINE® (cf. Section IV, e.1). Difficulties still remain
in this interpretation, particularly since the observed intensity of gamma
radiation from the 19-9 Mev level requires a surprisingly large radiation width.

Levels in Li® aro shown in the Li’(dp) reaction (Gove and HarvEY!#9),
and in the scattering of neutrons by lithium (ADAIR®). Analysis of the
scattering cross sections suggests the spin and parity assignments shown
for the two higher levels.

Calculation of the Coulomb energy difference and knowledge of the
mass of Li® shows that the state of Be® analogous to the ground state of
Li® and B® should be at an excitation of about 17 Mev. There is some
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evidence for a state in this region from the observation of the production
of slow neutrons in the reaction Li’(dn) at a deuteron energy of 2:1 Mev
(TUORER?04),

(iii) B*2—C'2—N2 (Fig. 30)
The C'3 spectrum presents many features of similarity with that of Be8,
although the ground state, expected to be 1S,, is bound. The first excited
state is well established at 4-44 Mev by observation of particle groups in the
reactions N15(pa), N14(du), Be®(an), B! (dn), C'3(pp’), C'*(dd’) and BY(py). It should
be a 1D, state according to both the alpha particle and independent particle
models, and thisis consistent with recent
observations of the angular correlation
19 between the low energy neutrons and
047 B12(J-52) gamma radiation in the reaction
7 ] ——  Be(an)C12*(y)C'%, (JamMES and JONES
privat communication). The energy of
79 _____] @ the gamma radiation checks with the
0y _____ ] difference in energy of the particle
Ground stofe Ground stofe  groups; measurements of its pair inter-
e"‘"gfﬁ” e””gfﬁfm nal conversion coefficient should check
20 =~ N Grssooaton that it is electric quadrupole. Decay of
v (o) energy (er) B2 takes place by allowed transitions
mainly to the ground state of C'2,
and weakly (5%) to the 4-44 Mev state
(VENDRYES 206, 207), NI12 (ALVAREZ!?)
70 decays to the ground state of C'? by
Fig. 30. Levels of nuclel BHCHN, positron emission, and also to an alpha
unstable level of C'2 at about 12 Mev;
there is some evidence (HORNYAK and LAURITSEN 2%8) for decay of the mirror
nucleus B2 to this level also, although the delayed alpha-particles have not

been observed.

The level at 9-62 Mev is found in the reactions N'4(dx) and B!(dn), and the
latter reaction also gives levels at 7-0, 10-4, 11-9, 15-14, 15-59 and 16-12 Mev.
The levels above 15 Mev are much sharper than the others, which indicates
that particle break-up is less probable in their case. The 16-12 Mev level is
probably that which is observed as a 162 kev resonance in the B%(py) and
BY(pa) reactions; gamma radiation takes place both to the ground state and
4-44 Mev excited state in competition with alpha-particle emission and proton
re-emission. There is also a ‘“‘non resonant’ emission of both alpha particles
and gamma radiation which increases slowly with bombarding voltage. The
homogeneous group of alpha-particles from the BY(pa)Be® reaction, corre-
sponding to formation of Be® in its ground state has an anisotropic angular
distribution with respect to the proton beam at the 162 kev resonance, but
is isotropic for bombarding voltages above this (FrENcE and THOMSON,
private communication). This suggests that two states of C12 are concerned
in this reaction, the sharp state at 16-12 Mev, formed by p-wave protons,
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and a much wider state of opposite parity at a considerably higher energy
formed by s-protons and responsible for the ‘“non resonant’’ alpha and gamma
emission. Interference between the alpha-particle waves from these two states
leads to an asymmetric angular distribution pattern which varies with proton
energy in much the same way as the gamma radiation pattern in Li’(py) studied
by DEvoxs and HiNe® (cf. Fig. 13). The 16-12 Mev state radiates strongly to
the 4-44 Mev level and the angular distribution of the radiation is anisotropic;
it is probably a (2 +) level. There is also a weaker radiation of about 16 Mev
with an isotropic pattern which may come from a second level near 16 Mev
(BIEDENHARN, ARFKEN and RosE!35),

Estimation of the Coulomb energy difference and knowledge of the
binding energy of B!2 places the state in C!2 analogous to the ground states
of B2 and N2 at about 15 Mev, near states which have actually been observed
in the B'(dn) reaction. States of B2 have been observed in the B!(dp) and
Be®(ap) reactions.

(iv) N16_Q18__F1e

The O nucleus may be thought of as a regular tetrahedron on the alpha-
particle model; according to this pure rotational excited states with J<3
are not allowed, since it must be impossible to distinguish between the alpha-
particles by a rotation through 120°. According to the independent particle
model, the p-shell for neutrons and protons is completed at O, and the
nucleus should have a spherically symmetrical wave function in its ground
state (1S,). Nuclear properties show the regularities associated with shell
closure, i.e. high binding energy, zero spin and magnetic moments, even
parity; all of which are, however, also consequences of the alpha-particle
model.

The low lying states of O'® have been studied in very great detail through
the F9(p«) reactions; the conclusions are summarised in Fig. 31. This reaction
yields 4 groups of short range and 1 group of long range alpha-particles, all
of which are resonant (see Ne2?). Emission of the short range alpha-particles
leaves the nucleus O¢ in excited states, three of which emit gamma radiation,
and one of which decays by emission of positive and negative electron pairs. The
excitation function for this pair production (DEvoNns, HINE and LINDSEY 2%,
PriLies and HEYDENBURG2!?) is the same as that for the long range alpha-
particles, emission of which leaves O in its ground state. It seems from
these observations that the ground state and 6-:05 Mev excited state of O
must both be (0 ) states, and studies of the angular correlation between the
positive and negative electrons confirm this. The lifetime of the pair emitting
state is 7-10~1 sec (see Section IV,i) which agrees better with a model in which
the excitation energy of the 6:05 Mev state is due to pure dilation of a liquid
drop than with the alpha-particle model (DEvons, HEREWARD and LINDSEY142),

The next excited state of O'¢ is a gamma ray emitting state at 6-13 Mev
which is known to have J =3 and odd parity from angular correlation experi-
ments both for intensity and polarisation (see Section IV, g).
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Above this state are two further gamma emitting states at 6-91 and
7-11 Mev revealed by the appearance of other alpha-particle groups in the
F®(pa) reaction. The relative intensity of the two groups varies strongly
from resonance to resonance; the variation is probably to be understood
in terms of the orbital momenta of the alpha-particle groups emitted from
the different resonance levels of Ne®, but it has not been possible so far to
give a quantitative picture of all the experimental facts. CHA087 has discussed
the possibilities for the angular momentum of these levels and of the resonance
levels in Ne*, and angular correlation experiments at present in progress
(SEED, private communication) may be expected to give further information.

16 The gamma radiation from the three
;5,5;7_?; g5 low levels of oxygen has been thoroughly
N® (z) " e studied by RASMUSSEN etal.1%, (cf. Fig. 14)
TrE—— and the energies agree very closely with
- those predicted from the alpha-particle

r;_;;_ 697 DssOCITTON groups.
Cround stote B 1 erergy (o) The 7-11 Mev level is near the disso-
energy difference\  |°% V*0% ciation limit of O into C!2--He* and
10 Mev levels above this have been studied by the
reactions C!2(ay), C2(xa), N'5(dn) and
0'%(pp’), but the results are not yet of
0 7o great precision. More accurate information
Fig. 31. Levels of nuclei N'O, becomes available at an excitation of

12-44 Mev where resonances for the N5(pa)
reaction commence. This reaction reveals a situation very similar to that
studied in the F'¥(pa) reaction: gamma radiation associated with short range
alpha particle groups is observed, and a long range alpha particle group
leaving C'2 in its ground state also appears. One of the lovels in this region
emits gamma radiation directly to the ground state of Q. This lovel must
be unable for reasons of spin or parity to break up into C'2+He4, and its
width will be determined by the proton width.

The decay of N6 proceeds to the ground state and some of the excited
states of 0'¢; the resulting gamma radiation has been observed (MILLAR,
BarTHOLOMEW and KINSEY?1), and has components of 6-133 and 7-:10 Mev
in the ratio 12/1. The f-decay to the ground state and pair omitting state
of O'® (0+) is first forbidden, but to the 6-13 (3—) state and to the states
near 7:0 Mev it is allowed according to the ft values. This suggests that the
N6 ground state is of spin 2 and odd parity and that the 7-11 Mev level of
0'¢ has odd parity, since this property does not change in an allowed transition.

Estimation of Coulomb energy difference puts the state analogous to
N6 and F'¢ at 12-13 Mev in O', in which region several resonances are observed
in N'%(pa). F¢ is then calculated to be unstable with respect to proton
emission, which explains why it has not been observed (ALVAREZ!%),

(v) F2—_Ne20—Naq?20
The low levels of Ne® are chiefly derived from expansion chamber and photo-
graphic plate determinations of the energy of the neutron groups from the
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reaction F%(dn). Some of the associated gamma rays have been studied, but
agreement in energy with the prediction from the particle groups is not good.
The lowest state is established at 1:63 Mev by spectrometer studies of the
F20 decay (LrrTAUER?2) which proceeds to this state via an allowed transition
with a forbidden transition to the ground state. The 1-63 Mev state is also
detected, though with not quite the same energy, in the NeX(pp’) F1¥(dn)
and F®(py) (RAE, RUTHERGLEN and SMITH!9, CARVER and WILKINSON?®3)
reactions. It is expected to be of type (2+) from the independent particle
model (FEENBERG and HamMaCK13), |,,, wm._
and if so the ground state of F20 should [3% —
be of even parity and of spin 2 or 3. i ;"”"j"”’:] 50 |

The states of Ne® above 465 Mev  [Z5——

should be alpha unstable, and an Fo i Na”
example of one such state at 9-7 Mev 78 -

has been found by FrENCH, MEYER and Z Ground stafe
TrEACY 23, The positron decay of Na2'  .,,.0 st & c”e%fﬁgfw
(ALvAREZ8) also leads to alpha un- eregy dfbrence\\ |#7_ == “Dissocntion
stable states in this region; decay to 636 Mev encryy fa)

the ground state appears to be for-
bidden as in the case of F20, Ne“

The levels of Ne* above 13-0 Mev Fig. 32. Levels of nucle FONe®Na%,
have been very thoroughly studied
by means of the ¥'¥(pa) resctions (cj. Fig. 5). Resonances are found in the
yield of (a) long range alpha-particles (HINE214), (b) short range alpha-particles
leading to the pair emitting state of 08, and in the associated pairs (PHILLIPS
and HEYDENBURG2Y), (c) short range alpha-particles leading to the three
low gamma emitting states of 0%, and (d) high energy capture radiation.
The resonances (a) and (b) coincide, as is expected from the identical symmetry
characteristics of the ground and pair emitting states of 0'%(0 +), but differ from
(c) and (d). The character of one of the resonances (¢), for 340 kev proton
onergy is known to be (1) from angular correlation experiments (see Sec-
tion1V, g), and continuation of these experiments will probably lead to
assignments for other levels. Capture radiation is observed at the 669 kev
proton resonance, and procceds to the 1-63 Mev excited state; the angular
distribution is isotropic suggesting formation of the state by s protons. The
vield of short range alpha-particles in the F!®(px) reaction greatly exceeds
that of the long rango particles despite the opposite tendency expected owing to
the Coulomb barrier. The reactions have been discussed in detail by Crao#.

The state in Ne? analogous to the ground state of F2 is at about 10 Mev,
in a region where the level system is poorly known. The F20 levels, found
from the F¥(dp) reaction (BUECHNER ef al.%5) are numerous, as are those
of Ne* at the comparable excitation, and show a number of close doublets.

(vi) Na*4—Mg24

These nuclei show particularly clearly how information on nuclear states is
obtained by a large number of different methods. The level structure is shown
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in Figure 33. The levels of Na? are known from the (dp) reaction (BUECHNER
et al.?'%) and as in the case of F, are closely spaced and often of doublet
structure. The state in Mg2¢ analogous to the ground state of Na2¢ would be
at an excitation of about 9:5 Mev, a region in which the levels of Mg are
poorly known. Above the proton binding energy of 11-74 Mev, however, a
large number of sharp closely spaced levels are known from the Na23(py)
(pp) and (pa) reactions (ALBURGER and HAFNER216),

The spin of Na2 has been found by an atomic beam method to be 4
(Smxtr27). The ground state decays by what was long thought to be a simple
first forbidden § spectrum (KoNOPINSKIUS) to a state of Mg2* at an excitation

of 4:14 Mev, from which two gamma rays, of

”‘;’g’agfls enorgies 2:76 and 1-38 Mev follow in cascade.

L ot about S0kev The B and y spectra were studied by Siec-
i Pl BAHN'? (cf. Section IV,e4.3 and Fig. 17), and
% ot | the cascade emission of gamma radiation
N oy s |Dsscaten was established by coincidence methods
25 eregy(®  (MrTcHELLD®). The order of emission of the

55 gamma radiation was settled by determina-

Cround stote o tion of the position of the low lying levels
energy difference of Mg? by inelastic scattering of protons
582 Mev - (RHODERICK ¥, cf. Fig. 7), deuterons (GREEN-
LEES, KEMPTON and RHODERICK®), and

Mg (/=0) neutrons (BEGHIAN, GRACE, PRrRESTON and

Fig. 33. Levels of nuclel Na*Mg®, HALBAN28), ag well as from the (dn) roaction

(MANDEVILLE2?®), Angular correlation bet-
ween the direction of emission of the gamma rays suggested tho sequence
of spins 0—2—4 for the ground state (even-even nucleus), 1-38 Mev state and
4-14 Mev state of Mg* (BrapY and DrutscH!?, cf. Section IV,g and
Fig. 21, CrarPAK and SuUzor20), RAE!®, using a magnetic spectrometer,
measured the pair internal conversion coefficient of the 2-76 Mev radiation
and concluded that the radiation was electric dipole, which is incompatible
with the quadrupole radiation required by the angular correlation experiment.
Mius et al.'%?, however, using a different method, found a pair internal con-
version cocfficient agreeing well with theory for an electric quadrupole.

Recently, TURNER and Cavawaen2®, by using a lens 8 spectrometor
with scintillation detectors, have found a weak f spectrum linking the ground
state of Na® with the 4-14 Mev state of Mg?%, and also a gamma ray whose
energy appeared to be nearly 4-14 Mov and which seemed to arise in a cross-
over transition. This possibility was excluded by BrcmIAN, Bismorp and
HaLBaN?2 who found an energy of 3:7 Mev for the high energy radiation
and suggested a new level in Mg24 for which there is at the moment no other
evidence. They also found an upper limit of 1 in 2-10% disintegrations for
any 4-14 Mev gamma ray. The ft values for the two f transitions are not
in the ratio expected from the spins 2 and 4 for the levels of Mgt but this
may be due to uncertainties of the theory. Independent evidence on the
parity of the ground state of Na? would help to clarify this problem.
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(vii) Al®—8i® and heavier nuclei of mass number 4n

The existing information is given by ALBURGER and HAFNER?S, A very
large number of levels above the proton binding energy is known in these
nuclei from observations of resonances in the (py), (pp) and (pa) reactions.
Among numerous points of interest may be mentioned the observation of
a 31 kev state in Al® by magnetic analysis of protons emitted in the Al#(dp)
reaction (ENGE et al.223). The gamma radiation from this state was observed
by SmitH and ANDERSON22¢ and appears, from the absenco of internal con-
version electrons, to be electric dipole.

(viii) Summary

The alpha-particle model is successful in predicting tho symmetry properties
of low rotational states, and it co-ordinates a group of nuclei of similar proper-
ties and particular stability. No satisfactory quantitative predictions of
level spacing have been made.

C. The even isobars of mass 4n - 2

(i) Hes—Li¢

These nuclei are expected according to the independent particle model to be of
the type 18, and 38, and each of even parity in their ground state. The ft value
for the He®— Li® f-docay is very low and suggests a super-allowed or mirror
nucleus type of transition. Since it is almost certain that the spin must change
by one in the transition, Gamow-TELLER rules must be used. If correction is
made for the Coulomb energy difference the difference in binding between He®
and Li® is about 4 Mev, which may be regarded as the difference between the
singlet and tripletstates of a neutron and proton in the p-shell outside an alpha-
particle core. The singlet state of Li® should therefore be at this excitation; in
fact radiation at 3-0 Mev, apparcntly originating in LiS, has been observed in
the Be®(pa)Li®* reaction. A 3-0 Mev state would be unstable to break up into
H?+ He¢, although this could be prevented if the state were of zero spin
and even parity as would be expected for the singlot level. Magnetic dipole
radiation to the ground state would take place.

A 2-2 Mev lovel in Li® is observed in the Li%(pp’) and Li%(d, t) reactions
Gove and HArvey!®) in the Be’(pax) reaction (BROWNE et al.'¢?), and in
(. d) scattering, and a 1-66 Mev level in He® in the Li’(fx) reaction (PEPPER
et al.225),

(ii) Be'® —B0._C10
The '8, character predicted by the independent particle model for the ground
states of B!® and C!° and 38, for the ground state of B led to difficultics
in interpreting the highly forbidden decay of Be!®. This was resolved by
the measuroment of & spin of 3 for B! in its ground state, which is
therefore probably of type 3D;. The C® decay, as shown in Fig. 34, takes
place to a 0-72 Mov excited state of B0, (probably with J =1 as this transi-
tion is allowed) which is not accessible to Bel® owing to tho lower energy
of tho transition.
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The ground states of C1 and Be'® belong to a multiplet which should
include a state of B! at an excitation, calculated from the Coulomb term,
n—p mass difference and mass of Be!9, of 2-0 Mev. The levels of B! in this
region are found from the Be®(dn) reaction (AJZENBERG 22%) and from spectro-
meter determinations of the gamma-ray energies; the better known levels are
shown in the figure. The (dn) reaction also gives a group of levels in B0
between 4-79 and 8-88 Mev, some of these being observed as thresholds for
slow neutron production. The reactions Be®(pc), Be®(pd), Be®(pp) and Be®(py)

75¢
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B¥ /=3 N® /=7
Fig. 34. Levels of nuclei Bel®B1oC10, Fig. 35. Lovels of nuclei CHN“Q,

are resonant, and analysis of the proton scattering data and angular distri-
butions of the particles has enabled assignments of spin to bo made to the
levels at 7-38 (J =2—) and 7-47 (J ==0—) Mev. These values are consistent
with electric dipole radiative transitions to the ground and first excited states
of B respectively.

Be'® has relatively few levels compared with B°; they are given by the
Be®(dp) reaction, and by the scattering of neutrons by beryllium.

(iii) C14—N14—O1

The independent particle model predicts that the spins of C¢ and 0% should be
zero, and that of N unity, and that each nucleus should be of even parity.
This agrees with the measured spins of C* and N. The C“—N decay,
however, has a ft value which indicates a second forbidden transition, which is
surprising in view of the known spin change and of the fact that the spectrum
has the allowed shape (WARSHAW?2¥), The decay of O is allowed and takes
place to a 2-32 Mev state in N'4. The energy of this state agrees well with that
calculated for the analogue of the C14—Qu4 ground states, and so should be
of type (J=0+). This would make the 0—N decay second forbidden
according to Gamow-TELLER rules. There is at present no satisfactory
explanation of these facts, although GERIJUOY 2 has suggested that the shell
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model gives the parity of N4 incorrectly, and supports this by consideration
of the relative intensities of the capture radiation components in N¥(ny).
It is possible that the O decay is a case of mixed interactions and that the
Feru1 rules apply.

The 2-32 Mev level in N is also established by the C'3(py) and C'3(dn)
reactions, and by spectrometer measurements of the gamma radiation in the
bombardment of C'® by deuterons. The C'3(py) reaction is resonant and the
gamma radiation is isotropic, suggesting (0 or 1,—) for the resonant state
at 8:07 Mev, and combination with the (1+-) ground state by electric dipole
radiation. The large radiation width in this reaction supports the prediction
of tho independent particle shell model that the parities of the C!2 and N14
ground states are opposite. The intensity of the transition to the 2-32 Mev
state is small, but not zero (CARVER and WILKINSON®3),

A number of states in N'¢ between 2-32 and 8-07 Mev are found from the
C'3(dn) and N'4(pp’) reactions, and further levels are shown in the Cl3(py)
capture process (SEAGRAVE, DAYy and Perry2®). Above 11-05 Mev levels
are found from resonances in the C'*(dp) reactions; one of these has also been
excited by the C'3(pn) reaction (ADAMSON et al.23). A single state in C4 at
6:1 Mev has been found in the C'¥(dp) reaction (SPERDUTO ef al.?!).

(iv) O18—F8

The main information on the levels of these isobars is obtained from resonances
in the reactions 0'%(dp) and N*4(ap) (Ro¥'#) and from alpha-particle scattering
in nitrogen. These are virtual levels; there is very little evidence on low states
of F'® and none for states of 0'8. The f-decay is theoretically, and experiment-
ally, allowed; the Coulomb energy makes F!8 unstablo with respect to its
isobar.

(v) Ne?2—Na?2 and heavier nuclei

Na?2 has a spin of 3 and decays by forbidden positron emission to an excited
state of Ne2?, probably with spin 2. Excited states of No22 are known from
the F*%(ap) reaction. In heavier 4 n + 2 nuclei there is generally some infor-
mation on levels from the proton capture, (xp) or (dn) reactions; the data
are summarised by ALBURGER and HAFNER2S,

(vi) Summary

The odd-odd nuclei of equal neutron and proton number have a larger number
of bound levels than their isobars with paired neutrons or neutron holes.
Among the states of the 4n -+ 2 nuclei should be one whose excitation above
the ground state might be expected to measure the spin dependent splitting
in these nuclei. This is known to be 2:3 Mev in the deuteron and seems to
be rather greater in Li%. The evidence is not clear for B1YNF!8 and higher
nuclei, but from the masses of the isobaric nuclei the splitting appears to be
of the order of 2 Mev.
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THE NUCLEAR SHELL MODEL
B. H. Flowers

1. INTRODUCTION

Modorn theories of the structure of the nucleus may fairly be said to have
sprung from CHADWICK’S discovery of the neutron in 1932. In the same
year, BARTLETT! 2, 3 drew attention to the fact that the occurrence in nature
of the lighter nuclei could be predicted in terms of the ordered addition
of neutrons and protons. Starting with the a-particle, all known stable
nuclei up to O'® may be obtained by repeating the addition sequence =, p,
n, p; while from that point up to A3 the addition sequence becomes instead
n, n, p, p, indicating that stability tends to favour neutrons over protons
as one passes to heavier nuclei. The only exceptions to this rule are He?®
and Be®, both of which are predicted as stable but are now well known to be
unstable to heavy particle emission.

BARTLETT’S interpretation of thesec regularities drow upon an analogy
with the structure of the extra-nuclear atom. He assumed that neutrons
and protons formed ‘“‘shells” containing 2(27--1) particles of each kind,
where l7 is their orbital agular mc—entum; but of course, the ordering
of these sholls would be different from that found in atoms owing to the
different forces involved. Thus the nuclei He4, O, and A%, for example,
would correspond to the closing of the first s, p, and d shells, respectively.

These ideas were developed in particular by Evrsasser4 %€ and by
GUGGENHEIMER" 8 in 1934. ELSASSER obscrved that the nuclei Het and
0 are relatively strongly bound, as befitting closed shells, and postulated
a system of energy levels for the individual nuclear particles which he derived
in the first place from a uniform *‘spherical-well”” potential common to all
particles in the manner of a self-consistent field. GUGGENHEIMER, studying
the stability of nuclei as a function of their charge number, Z, and their
neutron number, N, came to the conclusion that nuclear stability varies
periodically in the sense of tho periodic system of the elements. Plotting N
against Z, he found that all the known stable nuclei lie along a rough curve
or narrow band, which, however, shows marked discontinuities at certain
points. Thus, GUGGENHEIMER claimed discontinuities near Z =20, 36, 54,
and 84, and at N =50 and 82, which he interpretod as due to closed shells.
Noutron shells and proton shells appeared to be independent of each other.
Extending this list of ‘“magic numbers”’, ELsasser® found discontinuities
at N=2, 8, 18, 32, 50, 60, and 126. These numbers he was further ahle to
derive thcoretically as occupation numbers of a spherical-well potential
distorted by a central elevation, the so-called ““wine-bottle potential’.

It is of interest to note in passing that Ersasser, while postulating an
overall potential for the nucleus, felt that a more realistic expression of
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nuclear structure would demand that particles group themselves together
in transient configurations, or sub-groups, which he pictured as forming
and rapidly reforming under the influence of strong inter-particle forces.
This idea of a “‘resonating-group structure * was later taken up and developed
in some detail by WHEELER®. ELSASSER imagined the phenomenon of o-
activity as due to a type of internal conversion in which an «-particle is
formed by chance as one of these transient subgroups and is emitted before
it breaks up again.

The model which began to develop was, then, an individual particle model
in zeroth-approximation: each particle was assumed to move in an average
potential field produced by the rest of the nucleus, but to be otherwise
approximately independent of the detailed motion of all other particles.
Under these circumstances, the appearance of the magic numbers may bo
attributed simply to the operation of the PAuLI exclusion principle and to
the requirements of the quantum theory as expressed by the angular mo-
mentum operators.

Considerable weight was given to the independent-particle picture by
the discovery by ScEmipT!?, and also independently by ScrULERY, that
the magnetic moments of nuclei could be represented approximately in a
very simple manner. In ScEMIDT’S model it is recognised that the spin and
magnetic moment of an even-even nucleus in its ground state are always
zero, and it is assumed that in an odd mass nucleus the spin and magnetic
moment are produced entirely by the motion of the odd particle, neutron
or proton as the case may be. This being so, the magnetic moment can be
calculated quite easily as a function of the spin; and it is found that the
observed moments in most cases bear some relation to the values so cal-
culated, as we shall see later.

The more detailed consequences of the application of the Pauli principle
to the nuclei between helium and oxygen were considered by FEENBERG
and WIGNER!2, These authors performed a caleulation, similar to that of
SrLATER (see COND. N and SHURTLEY?3) in the atomic case, on the assumptions
that nuclear forces are predominantly exchange forces, and that all these
nuclei can be formed by successive additions of neutrons and protons to the
first p-shell. Owing to the exchange nature of the forces, the symmetry
properties of the wave-function with respect to permutation of particles
are of decisive importance. Indeed, in contradistinction to the atomic case
where terms are grouped more or less closely according to configurations,
nuclear terms are grouped rather according to the symmetry character of
the wave-function, regardless, to some measure, of the configurations from
which they arise. This implies in addition that the interaction energies are
comparable with the zero-order level spacings. The problem of nuclear
symmetry was considered in detail in further papers by WiaNER14, 15 using
the methods of group theory; but we need not concern ourselves with this
aspect at present. For calculations of total binding energy, the SrLaTER
method, used in the manner of HARTREE and Fo.k, was found to be extremely
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poor. In view of the fact that the correlation energy, so important in the
somewhat analogous electron theory of metals, is not properly taken into
account, this is perhaps not surprising; nevertheless it was hoped that the
ordering of terms could be correctly predicted for the light nuclei, and in
particular their ground states. It was found that the spins of the nuclei
Li® to O were indecd given correctly in this approximation, with the sole
exception of B, then thought to have spin 1 as predicted by the theory,
but now known to have spin 3. Moreover, the characteristic kinks in the
mass defoct curve in this region, long associated with a supposed a-particle
structure, were obtained as a natural consequence of the PauLI principle
and without prior assumptions regarding the existence of a-particles in the
nucleus.

WIGNER’S symmetry theory was more general than an individual particle
model; but in its later form as developed by WieNER himself 15 (1937) and
by BARKAS!® (1939), it was able to shed some light on the shell theory. WigNER
found that the main bulk of the energy of a nuclear state could be expressed
as the sum of two terms: the first of these was the product of a factor re-
presenting the symmetry character of the wave-function, and which accounted
for most of the fluctuations in energy from nucleus to nuclous, with a factor
which could plausibly be expected to vary smoothly with atomic weight;
while the second term could be expected to vary smoothly except where a
a radical change of structure occurred such as the commencement of a new
shell. Comparison with the experimuntal values of the binding energies
showed this to be so: in particular, the second term (WieNER’s E,) was found
to suffer discontinuous changes in slope at atomic weight 4 =20 and 40,
but to vary almost linearly in between. This is in keeping with the idea that
the d-shell is filling uniformly in this region.

Meanwhile, confronted with the striking phenomenon of resonant capture
of neutrons, BourY in 1936 was putting forward the notions of the liquid
drop nucleus which, as later formulated by Borr and KALCKAR!S, BREIT
and WieNER!, KAPUR and Pr1erLs??, and others, in the form of the dis-
persion theory, was to prove so successful in explaining many and varied
nuclear processes. The essence of this theory, in complete antithesis to the
individual particle model, was that all particles take part more or less equally
in any nuclear event; nuclear lovels are to be regarded as quantised states
of the system as a whole and not as the excitation of single particles in an
average nuclear field. It seems probable that it was largely on account of
the evident success of the new ideas that the individual particle model lost
what favour it had previously onjoyed. At all events, apart from a few
isolated papers (e.g. HARKINS?, suggesting the ecxistence of further magic
numbers and regularities, the individual particle model was to lie dormant
for some ten years until MAYER?2 reopened sorious discussion in 1948.

Since that date a vast quantity of evidence has been accumulated which
establishes beyond reasonable doubt the existence of a set of magic numbers,
and of some sort of periodic system for nuclei. There remain the fundamental
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difficulties associated especially with the strong short-range interactions,
the correlation energy, and the fact that there is no strong centre of force to
act as overall potential as in the atomic case; nevertheless, there are several
rival theories all of which attempt to correlate nuclear regularities in terms of
the energy levels of single particles moving in an average nuclear field. After
this brief historical introduction it is the purpose of the present review to
summarise the evidence to date in support of the individual particle model,
and to give some account of the various detailed interpretations which have
been presented. It cannot be claimed that a complete list of references has
been given, particularly to the experimental data*; but it is hoped that
references are sufficiently representative to enable tho reader to find without
difficulty most of the information he may require.

2. EVIDENOCE FOR THE MAGICc NUMBERS

In this section we shall consider some of the present-day evidence for the
existence of closed shells in nuclei as indicated by the magic numbers. Each
field of information will be considered under a separate heading for ease
in further reference. However, the consideration of the magnetic moments
and spins which, as BARTLETT2 pointed out, is of decisive importance to any
shell model, deserves special study and will therefore be treated in a separate
section. Similarly, evidence which also leads to an estimate of the energy
discontinuities at the completion of closed shells will be dealt with in the
next section. We shall be concerned principally with the magic numbers
20, 28, 50, 82, and 126, sufficient having already been said to suggest the
special stability of configurations of 2 and 8 neutrons or protons.

Abundances of the elements

Assuming that closed shells represent particularly stable systems of nucleons.
one might expect nuclei containing a magic number of neutrons or of protons,
or both, to be especially abundant in nature. A table of the relative abundances
of nuclei, compiled from data on the composition of the earth, sun, stars, and
meteorites, has been published by Br wn23. If these figures are plotted
against Z or N, pronounced peaks are seen, particularly at O€(N, Z==8).
Cafo(N, Z=20), Sn¥(Z=>50); Sr¥, Y®, Zr%(N -—50); Ba'®¥, Lal®, Cel4
(N =82); and at Pb298(Z =82, N =126). There is also evidence that nuclei
containing 40 neutrons or protons are unusually abundant. The trend of
nuclear abundances has been strikingly demonstrated in a three-dimensional
plot in the book by Gamow and CRITCHFIELD,

Number of stable isotopes

In Fig.1 is shown a plot of the number of stable isotopes per element, as a
function of Z. The lightest element to have more than two stable isotopes

* Many references to the experimental work regarding nuclear reactions are given in the article by
Prof. BURCHAM in the present volume of Progress in Nuclear Physics. The present paper was written
in September 1951, and it has not been possible to add more than a fow references to work published
since that date.
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is O with Z=8. The first with 4 isotopes is S, and it may be observed that
the heaviest isotope of sulphur, §%, has 20 neutrons. Five isotopes first
occur at Z=20; 7 appear with Mo, of which the lightest is Mo® having 50
neutrons. Ten isotopes occur once only, namely in Sn with 50 protons,
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Number of stable isotones

In Fig.2 is shown a similar plot of the number of nuclei having a given number
of neutrons: such nuclei have been called “isotones” by GUGGENHEIMER?.
Five isotones occur only twice amongst the lighter elements, namely for
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R 20 and 28 neutrons. Six
occur once only, for N =50;
similarly, seven occur only
at N =82. Four appear first
for N=30, of which Nis8
has 28 protons.

T
100

L S Width of the stability curve

A measure of the width of the
region of stability of nuclei—
S+ the “Gamow valley’—is
¥ S furnished by the quantity
AN =N, ,x— Nyin, being the
mass difference between the
heaviest and lightestisotopes
of a given element. The
curve exhibits discontinuous
changes in width. AN =2
first appears at Z = 8;
AN =4 occurs amongst the
light nuclei only for N =20
and 28. AN =8 occurs first
with Ca, Z =20, and this
abnormally high value is
probably associated with the
concurrence of Z=20 with
) S N =28 at Ca®. Several other
cases of AN=8 exist, of
- which Kr®® and Mo have
N =50, while Bal® and Nd142
have N =82.4 N = 12 occurs
" twice: at Sn with Z =50,
and at Xe of which Xe!3¢ has
N =82. A similar plot of 42
1Sane S against N or Z yields further
information of this nature.
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Quadrupole moments

It has been pointed out by
GorpY 2 that the quadrupole
moments of nuclei are small
or zero near to a magic num-
© sovopes ppniso gy S ber of noutrons or protons,

: and rise to maximum values
at points corresponding to shells being about half to two-thirds filled.
This may be understood if one regards the quadrupole moment as a measure

70

S

240
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of the deviation of the nucleus from spherical symmetry: on a shell model
such deviations would be most pronounced about halfway through the
filling of & shell. We shall return to this question in a later section.

Fast neutron cross-sections

The absorption cross-sections for neutrons of a few Mev in energy of nuclei
containing 50, 82, or 126 neutrons are unusually low, as the measurements
of GRIFFITHS?6, MESCHERYAKOVZ, and HUGHES et al.®, have shown. The
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¥ig. 3. Thermal neutron cross-sections.

general trond of cross-section is to increase with mass number: at sufficiently
high energies one expects the cross-section to be proportional to the geom-
etrical cross-section, or to Al, While this is borne out in general, there are
pronounced dips of the order of 10-30 times smaller than average in the
neighbourhood of Y®¥(N =50), Ba'®, La'® and Pri4}(N = 82), Bi2®(N =126),
and Pb2%¥(Z =82, N =126).

Thermal neutron cross-sections

Even the apparently chaotic fluctuations of the thermal neutron cross-
sections can be made to show some semblance of shell structure. Fig. 3 is
a plot, due to FLOWERsS??, of the isotopic cross-sections of nuclei of even A
as a function of the number of neutrons. The zig-zag curve joins up the largest
values of cross-section for given N where more than one such nucleus exists
whose cross-section has been measured, a procedure which exaggerates the
larger values and therefore tends if anything to mask the appearance of the
characteristic low values associated with the magic numbers. The average
behaviour of the curve is to rise from low values near the magic numbers
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to high values almost half-way through the filling of a shell, as in the case

of the quadrupole moments. A plot for nuclei of odd A shows a similar
trend.

The asymmetry in fission

The probability of any particular mode of fission depends sensitively upon
the energy available for the fragments to penetrate through the potential
barrier. One might therefore expect, as discussed recently by MEITNERZ?,
the most frequent modes to be those which lead to a minimum number of
“loose” nucleons outside the closed shell (always supposing that one is
entitled to apply the ideas of a shell model to processes involving such large
changes in energy and high excitations of the fragment nuclei). U235, for
example, has 143 neutrons; and we find that the most probable modes are
those which leave a small excess of neutrons over the closed shells of 50
and 82. It must be emphasized, however, that the interpretation of this
phenomenon is by no means clear-cut; and SWIATECKI®® has shown that
hydrodynamical effects may be of considerable importance.

It is encouraging to find that Kr® with 51 neutrons, and Xe!¥? with
83 neutrons, are both identified as delayed neutron emitters; for on a shell
model the 51st and 83rd neutrons could be so loosely bound that evaporation
following 8-decay becomes feasible.

Missing stable isotopes

It is well known that no stable isotopes of Te or Pm exist in nature, and
these elements occur in the regions of 50 and 82 neutrons respectively.
Moreover, if one restricts oneself to the odd mass nuclei, as emphasized by
Kowarski®, then A and Ce are also seen to exhibit the same anomaly,
these being in the regions of 20 and 82 neutrons respectively. This evidence
points to a sudden change in the stability limits at these numbers.

3. EsTiMATES OF THE ENERGY DISCONTINUITIES

In his original papers ELsassER estimated the discontinuity in the binding
energy of the last particle at Z =82 and N =126 to be about 1:6 Mev from
considerations of the energy release in radioactive decay. A more detailed
analysis by BERTHELOT®? suggested a somewhat higher figure of about
2-4 Mev. This section will list some more recent data which confirm their
figures, and which also suggest that a break of the same order of magnitude
occurs at each of the magic numbers.

a-stability

The study of the energies of «-particles emitted in radioact ve decay shows
clearly the special stability associated with Z=82 and N =126; indeed,
the occurrence of lead as the end-product of the three natural series issuggestive
in itself. The situation is most clearly shown in a plot, due to GL{CRAUF33,
of the energy contours of «-particle decay as functions of Z and N, which
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ESTIMATES OF THE ENERGY DISCONTINUITIES

we reproduce in Fig. 4. The addition of nucleons to a closed shell may be
pictured as causing a decrease in «-stability, until a point is reached where
there are sufficient loose nucleons to produce an interaction energy compar-
able to that existing within the closed shell. After this point is reached
stability might be expected to regain its normal value until the shell is nearly
filled. Considerations of the gradient of the energy contours leads to an
estimate of the break in the

binding energy of the last par- 6 @-O-@y;
ticle of about 2 Mev. GLiicK- / 1
AUF has applied similar me- vy —QA-@@red ,@I}
thods to the binding energies ol
of the lighter nuciei, as a result 142 S ¢
of which he finds disconti- “MeV BT | f6MeVT]
eps . 740 = O J
nuities, again of about 2 Mev, s J
in the neighbourhood of the 138 5 IMe[V P %
magic numbers 8, 20, and 28. JI° 2 -ST 1
The most recent complete 136 / ; e -4y -
analysis of «-particle energies < / 4
has been made by PryYCE3%, 13y ',‘%VW;
who compares the observed I €6 J__.717 “IACV" -
energies with those calculated 138 | e ]
from tho semi-empirical bind- 10 7'3 o =8 MfV .
ing energy formula of WEIz- b6 4 [ ]
SACKER (see BETHE and 128 DO b k4=~ 9 MeV
BacHER®®). The existence of P\ \..‘,;:%_*
the natural «-emitter Sm1%2, 126 : ;?‘_ 7
and the recent discovery of -
artificial «-emitters amo}r’lgst 124 b £\ 6 Mev
8 84 86 88 90 92 94 96
the otherrare earths by THoOMP- Z
SON et al.38, are presumably Fig. 4. o-particle encrgies of radioactive nuclet

connected with the configura-
tion of 82 neutrons. PRYCE’s calculations also refer to this region, but ex-
perimental data are not yet precise enough to make any comparison worthwhile.

Packing fraction curve

The stability of some of the magic number nuclei is strikingly shown by the
study of nuclear masses. A curve of the packing fraction plotted against
mass number has recently been published by DuckwoRTH et al.%, our Fig. 5.
which contains information gleaned mainly from mass spectrographic meas-
urements, but also from the energies of y-rays of neutron capture3s, and from
reaction thresholds. This curve shows characteristic kinks at points corre-
sponding to N =50 and 126, and at Z=28, 50, and 82. The low packing
fraction of Si*® may readily be understood according to the level scheme
proposed by JENSEN et al. and by MAYER, to be discussed presently; this
scheme also predicts that 40 should be a “relatively magic” number, so
that the break at Zr® may be partly on account of the 40 proton configuration
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in addition to the 50 neutrons. Similarly 32 is predicted to be relatively
magic in this scheme, and Ni® has in addition to 28 protons, 32 noutrons,
which may partly account for the fact that it has the lowest packing fraction
known. This last piece of information may be of importance in differentiating
between the otherwise very similar schemes proposed by MaYER and by
JENSEN and his co-workers.

Energy release in nuclear reactions

Further evidence regarding the discontinuities in binding energy may be
obtained from the study of the Q-values of certain nuclear reactions. Of
especial interest in this connection is the work of HARVEY?®, who measured
the @-values of the (d, p) reactions over a wide range of nuclei, particularly
in the regions of the magic numbers, and so obtained the binding energy
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detailed discussion, have recently
considered the energy release in f-decay. Treating for this purpose ~-energies
as positive and B*-energies as negative, one may plot observed energies against
neutron number. If all points which correspond to a given isotopic number
N—Z are now joined by a curve, it is found that discontinuities occur wherever
the curve crosses a magic number, rising at neutron numbers or falling at
proton numbers. The magnitude of these breaks is about 1 or 2 Mev. (The
author is indebted to Prof. JENSEN for a prepublication copy of this work.)

Thus it appears fairly certain that there are cnergy discontinuities of
about 2 Mev at least in the ncighbourhood of the magic numbers 28, 50,
82, and 126. Since the average binding energy per particle in a nucleus is
approximately 8 Mev, the effect in energy is one of some 25%. Remembering
that the corresponding offect in atoms is about ten times as large, it is perhaps
surprising that the nuclear shell structure is nevertheless so marked.

4. LEVEL SCHEMES

For all but the lightest nuclei the average density of nuclear matter is approx-
imately constant. One would therefore expect that a reasonable zero-approx-
imation to a self-consistent field would resemble a spherical well, having a
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constant negative value for distances less than the nuclear radius and falling
more or less abruptly to zero at the surface. For light nuclei this picture
should be modified by allowing the edges of the well to become diffuse, to
represent the large surface effect; so that in this region something resembling
an oscillator potential is perhaps more realistic. (Since the lowest levels of
each of these potentials are ordered identically—and these aro the only
levels of interest for light nuclei—this point is not, however, an important
one.) In zero approximation one considers each particle as moving inde-
pendently under the influence of this average potential, so that all one can hope

29
E/— 2s
~
T 2 2\ _rs -
i 7= e
S T 26 — __:_”f_',",'l/_ﬂz__
S ]
§ 6 X2 n )
3 h\ 2f a2 gsd 8 24 i
§ — —
S 2 79 = 2d_f
S 2d JLC g é’ 9 g
S| 2 =¥ =9 oy %0 s0
Q "4
ety ¥ f oy~ v Ty A
pY _2s W, =5 10 1d 7d 14
7d 2s 2s 16 25
25‘111 70 0 70
y/d » Py P —s g —2 /4 »
75 78 1s 78 2 7S 2 I8 s 1s
ﬁ’e:fa/n wlar Nordheiw — Mayer Feenberg ond Hommach
we

Fig. 6. Single particle level schemes.

to derivo is some idea of the periodicities of nuclear structure which arise from
the PauLi exclusion principle and from the ordering of the levels of cach
particle. A better approximation, in which the interactions between the
particles is taken into account as a first-order perturbation, yields more
information, insofar as one can assume knowledge of the nuclear forces, and
enables ono to make spin predictions and statements regarding the ordering
of the levels of the complex system.

All the level schemes which have recently becn proposed aro basically
related to the spherical well potential; the various schemes differ only in the
manner in which this potential is distorted in order to bring the levels into
accord with the observed magic numbers and with the spins and magnetic
moments. Tho three main level schemes have been placed in convenient
juxtaposition in a recent paper by FEENBERG4, and we reproduce his diagram
in Fig. 6.

The first column represents the levels of an isotropic harmonic oscillator
potential; the second, those of a spherical well. Tho figures and letters
attached to each level give the corresponding principal and azimuthal quantum
numbers. Thus the notation n! denotes a state having ! units of angular
momentum and a radial wave-function with »—1 nodes, excepting nodes
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at the origin in the case of s-states. Thus, in order of energy, the state nl is
the nth state to appear with angular momentum I%. It will be noted that this
notation differs from that conventionally employed in atomic spectroscopy.

The third column contains the level scheme of NorpHEIM42, as deduced
from the observed spins and magnetic moments of the odd mass nuclei, and
based upon the principle that the scheme should deviate as little as possible
from that of the spherical well. Up to, and including, the 2p level the two
schemes are in fact identical; for the main result of the NorDHEIM schome is
the raising of states of very high angular momentum, which might plausibly
be produced in higher approximation by the interactions between particles.
It may be observed that this result is in a sense in keeping with the ideas
of a liquid drop nucleus which, strictly speaking, should have zero angular
momentum in its ground state.

The fourth column shows the level scheme proposed by MAYER4S 4,
and independently, apart from rather minor differences, by HAXEL, JENSEN,
and Sukss®. In this scheme, the basic levels are almost identically those
of the spherical well; but it is assumed in addition that some form of strong
spin-orbit interaction splits each level (except the s-levels) into two compo-
nents corresponding to total angular momentum j=14-}, the larger j-value
coming lower. It is further assumed, as would be reasonable for a coupling
term of the form ¢. L, that the spin-orbit splitting increases in importance
with increasing I-values.

The remaining columns show the level scheme proposed by FEENBERG
and HAMMACK, being a development of ELsassER’S original proposals.
Here the guiding principle is to take into account the changing shape of
the overall potential as one passes to heavier nuclei. Thus the large surface
effect of the lightest nuclei can be roughly represented by a spherical well
with a central depression; while the Coulomb repulsion between the protons
in a heavy nucleus can be represented by a spherical well with a central
elevation. Both these potentials allow of simple approximate calculations.
This level scheme is thus regarded as shifting in a consistent manner with
atomic weight.

The closed shell configurations arising from these three schemes, togother
with the occupation numbers 2(21+4 1) for each level, written in the usual
spectroscopic way as powers, and the magic numbers which one obtains
by summing the occupation numbers as each shell is successively filled, are
given in Table 1. It may be seen that only the scheme of JENSEN-MAYER
is able easily to account for the magic number 28. The observed magic
numbers may be thought of in this scheme as undergoing a transition between
those of the pure spherical well, given by

-1
TGE4+1)(i42 =28 2,40,70... forn=1,2 3...
i=0
and those for extreme spin-orbit coupling,
n—1
204+1DE+2)+2(m+3)+1=86, 14, 28, 50, 82, 126 ...

t=0
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Table 1—Closed shell configurations

T tal numbers NORDHEINM JENSEN-MAYER FEENBERG and HAMMACK
(light nuclet) (heavy nuclei)
2 (18)2 (1s)? (1s)2 (18)?
8 (1p)® (1p)® (1p)® (1p)®
24 (29)? (203 (1dyo
20 (1ayw (1d)* (raye 1/
28 ? 11,2 ? ?
apm (17.)° [(1/)“] :
2p)® (2p)° :
50 (2a)*° (1g-)t (1g)e
(1g)® (1g:)° (LR)%
: (2d)10 :
: (39)° :
82 (2/) (L (2d)10
(1hy)r0
? (2f)e ?
(3p)*
126 (1 I'_x’| )1e

Here the figures in italic type are the principal magic numbers, while the
others are to be considered in this scheme as “relatively magic”. For light
nuclei the spin-orbit coupling (assumed to increase in importance with
increasing 1) is not yet suff'cient to _.roduce the full shell structure, while
for middle weight nuclei it 18 still not strong enough to prevent the structure
arising from the pure spherical well from intruding. Thus C*2 with 6 neutrons
and 6 protons should be especially stable, as it is; and also Si% with 14 protons
as mentioned previously. The number 32 would arise from the filling of the
2py level before the 1f; level*; and the especial stability of Ni®® tends to
support this view.

The objection may be brought, particularly against the NorpHEIM scheme,
that the assignment of levels is from the theoretical point of view entirely
arbitrary; and, as pointed out by Prof. PEIERLS, may even offend against
a general theorem concerning the ordering of levels in a central potential.
Moreover, as SWIATECKI4? has shown in a refined calculation based upon
the statistical model, the Coulomb repulsion of the protons in heavy nuclei
is not nearly enough to bring about the central elevation required in the
FrenBERG and HaMMACK theory; so that their level scheme, too, is open
to the charge of arbitrariness. Certainly the electrostatic interaction must
play some part; and the complete picture would probably require a combina-
tion of all three schemes, and others too. It may, however, be said that
no level scheme should be accepted too literally: the suggested schemes are
not necessarily the genuine levels of a single particle in a common potential,
merely; but rather do they represent an average behaviour which takes into
account empirically the interconfigurational mixing to be expected when levels
appear in such close proximity. The mixing of configurations has often to

* See Fig.8.
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be taken into account in the theory of complex atomic spectra; a fortiori
it may play an important part in nuclear spectroscopy.

On the whole, the weight of evidence seems to favour the JENSEN-MAYER
scheme; and its comparitive lack of arbitrariness is an additional attraction.
The great difficulty with this theory is that spin-orbit coupling of the required
magnitude cannot at present be properly accounted for. It is about ten
times too large to be due to relativistic effects. The axial-dipole coupling
which is necessary to explain the quadrupole moment of the deuteron may
be capable of giving a spin-orbit coupling (in second approximation) of the
correct sign and magnitude, although this point is still doubtful *. Recently
Case and Pars*® have proposed a spin-orbit interaction of the form e¢.L
to explain the high energy two-particle data. Using their form of interaction,
Hucues and Le CouTEUR®® were able to show that an effect of about the
correct order of magnitude could be obtained for tho splitting of the levels
of a single particle moving in the field of a spherically symmetric, spin-
saturated, core of nucleons; but there is again some doubt regarding the sign
of the splitting. As RoSENFELD % has emphasised, the only meson field theory
which gives rise (in a weak coupling approximation) to the required sort
of splitting is a vector meson field with both vector and tensor couplings
to nucleons. Although z-mesons would seem to be pseudoscalar, there remains
the possibility that the heavier mesons found in cosmic radiation may be
responsible for these effects.

There is, however, further independent evidence, summarised by RosEN-
FELD®, 8, that spin-orbit coupling terms must be present in the interaction;
this evidence concerns the magnetic moments of H2 and He3, the apparent
P-doublet of He® in the scattering of neutrons by He?, and the lowest excited
states of Li? and Be? **. For these reasons, and for the sake of greater clarity,
we shall confine our attention in what follows to the JENSEN-MAYER scheme.

5. SpPINS AND MAGNETIO MOMENTS

It has already been said that in a zero-order approximation one cannot hope
to derive any more than the bare periodicities in structure. The only excep-
tions to this rule are the nuclei consisting entirely of closed shells, in which
case one can say immediately, on account of the PAuLI principle, that the
spin and therefore the magnetic moment are zero; and the nuclei consisting
of closed shells plus or minus one particle, when one can say that the spin
will be that of the loose particle, or of the “hole”, J = 4. In order to determine
the spin values of more complex systems, it is necessary to go to the higher
approximations, taking into consideration the forces of interaction.

Alternatively, one may short-circuit this procedure by the introduction
of further basic assumptions. For the time being we shall follow this latter
course ; and in a later section we shall see to what extent the new assumptions
may be justified in the higher approximations of the theory. Our assumptions

* Sec KRILSONY7S,
** See also the chapter by Prof. BURCHAM.
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will be those which follow most naturally from the empirical data, namely
those made in the ScHMIDT model for magnetic moments.

So far as is known, all even-even nuclei have zero spin; and it follows
that they also have zero magnetic moment. On the other hand, ScamipT
has shown that in the great majority of cases the magnetic moment of an
odd-mass nucleus can approximately be said to arise from the motion of
the odd particle. It is as if the presence of the added particle were to go
unnoticed by the rest of the nucleus which continues to behave as a free
even-even nucleus. In this ¢
picture we may regard the
extent to which the observed
magnetic moment deviates
from the ScHMIDT value as
a measure of the polarisation 4
of the core by the odd par-
ticle.

In this strictly one-par-
ticle model—as distinct from
an individual particle model = ;
—the magnetic moment of a
nucleus of total spin J may
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where the orbital g-factor % e 2 % 9%

Spin

=1 for a proton and 0 for Fig. 7. Magnetic moments and SCHMIDT limits,

a neutron, while the intrinsic
moments are g, = 279 for a proton and —1-91 for a neutron; and it is assumed
that the odd particle moves in an orbit with angular momentum l%.

The values calculated from these formulae are shown by the heavy lines
in Fig.7 together with the experimental points. The deviations are consider-
able as one might expect; but the points do at loast seem to follow the trend
of the ScrMIDT lines sufficiently, in most cases, for one to choose to which
ideal value any measured point corresponds. The main result of this analysis
is, then, to make possible the deduction of the orbital momentum of the
odd particle from the measured spin and magnetic moment.

Particularly suggestive confirmation of this simple picture is afforded by
the number of odd-mass nuclei, differing only in the addition of pairs of
neutrons, that have identical spins and very nearly equal magnetic moments.
These are shown in Table 2. Further confirmation of a more indirect nature
is provided by the rather surprising feature that the deviations from the
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Table 2—Spins and magnetic moments of nuclei differing by pairs of neutrons

Nucleus Spin Magnetic moment Nucleus Spin | Magnetie moment
s 3 0-8211 Teus 3 ?
cw H 0-6835 Te1s } ?
K» 3 0-392 e 3 2-8080
K% 3 0-215 i ¥ 2-6173
Cu®s 3 2.9233 Xei10 3 — 07726
Cut® h 2:3817 Xet 3 ~+08
Ga® 3 2016 com 3 2.5753
Ga™ § 2-561 Cg138 ¥ 2-724

1 .
B 1 2.108 G : 2-837
Bt 3 2-2668 Batss $ 0-837
13' o
Rb# § 1-3516 Baltt H 0-935
Rb? 3 27471 Eut 5 3-4
Mo ) - 09008 Eais : 1-5
Mo¥ 11 — 0-9289 Ybi 3 0-45
Ybis H — 0-65
Ag — 0-086
Agm :1} — 0-160 HEw? -3 ?
cam 1 05923 HEw =3 !
cdms ! —0-6196 Rolss g 31433
Tntis g 54972 Re'®" § 3-1766
Ini® H 5-5088 It =1 ?
Sniss 3 09134 L ¥ !
Sniv 3 — 0-9951 Hg™ ] 0-4994
S 3 - 10411 Hgw! $ — 0-607
bzt § 3-3505 203 3 1-5062
Shs i 2:5470 205 ! 1-6118

ideal ScEmMIDT values are no worse for nuclei having many particles outside
closed shells than for those with only one loose particle. A priori one would

expect the single-particle model to be a better approximation in the latter
case.

In view of the effects of interconfigurational mixing, it is to be expected
that pairs of levels within the same shell, which are such that spin-orbit
coupling tends to bring them closer together, may often cross; and examples
will be given to show that this takes place. Levels belonging to different
shells, however, would not be expected to cross.

Furthermore, we should not be surprised if, for the heavier nuclei, proton
levels occur in a slightly different order from neutron levels. For in the first
place, the protons are more affected by the electrostatic repulsion which
tends to favour higher angular momenta; and in the second place, owing
to the large isotopic numbers of heavy nuclei, a given proton shell occurs
later than its neutron counterpart, and so must be considered as existing
in a slightly changed overall potential.
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A further assumption ? that, in the absence of a higher order calculation,
must be made in order to account for the empirical data concerns the “ pairing
energy”. It will be assumed that the interaction energy between pairs of
particles in the same orbit is greater for orbits of larger angular momentum.
Consequently the larger spin values appear less often than one would expect
at first sight; and indeed spins of 1! and % corresponding to the h and i orbits
are never found in the ground state, although there is strong evidence that
they do occur in isomeric states (g.v.).

With this preamble we now proceed, closely following Mrs. MAYER# except
where more recent data make necessary slight modifications, to a detailed
discussion of the observed spins and magnetic moments of the odd-mass
nuclei. It will be found that there are only three serious spin discrepancies,
and in a later section it will be shown how it may be possible to account
even for these; in addition there is one serious discrepancy amongst the
magnetic moments.

For nuclei up to O there are no difficulties; and the level order 84> Py»
Py, is strictly adhered to. Thus H? and He® have spin }; Li?, Be?, and B
have spin 4; while C'® and N'® have again spin } corresponding to the Py
orbit.

The next shell opens with O which has been shown to have spin 3, as
should be. However, F'® with 9 protons has spin }, and according to the
magnetic moment the odd particle requires an s orbit. This suggests that
for such a light nucleus the spherical wel’ notential is too stcep: in the oscillator
potential, the » and d levels coincide, so that this example cannot be regarded
as a serious discrepancy*. We would expect the 9th and 10th protons in Na23
to pair up strongly in the d; orbit with zero resultant angular momentum, so
that its configuration should be (d;)® or (d;)*s, and its spin correspondingly
§ or §. Here we meet the first serious discrepancy, for the observed spin is §
and the magnetic moment indicates that the nucleus is in a P state. Beyond
this point, the filling of the shell appears to be regular and to follow the
order of levels of Fig.8. Thus Mg? and Al2?? both have d; orbits, while
P3l with 15 protons has spin 3, indicating that the dg level is filled at 14
neutrons or protons and that this number may be regarded as relatively
magic. §%, 8%, CI%, CI¥, K%, and K% should and do have spin §; and so
the shell closes at 20.

The odd-mass nuclei with N or Z between 20 and 28 should all have
spin §. There is only one exception: Mn3 with 25 protons is found to have
spin 4 and the magnetic moment indicates a D state. This constitutes the
second spin discrepancy. At N or Z =28 the f; level is full, and no spins
of § are again observed until the shell beginning at 51 neutrons is reached.

Beyond this point, and up to N or Z = 37, spins are all § with the exception
of Zn% and Rb* which have f; orbits. The interpretation is simply that
the f; orbits {ill preferentially in pairs (according to our assumption regarding

* The ground state of F17 {s § or §, even parity. and thus probably dg; but the first excited state appears
to be & 4 (see Prof. BURCHAM’S chapter). Similarly, BUTLER® has shown that the first excited state of
078 s A .
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the pairing energy) the odd nucleon, except in these two cases, taking the
nearby p; orbit. Y* with 39 protons has spin }, as should be; and immediately
after this the first spins of § are found, namely Cb®® and Ge™. In the subshell
between 40 and 50 with one exception only spins of } and § are found; and
once again the strong pairing forces may be invoked to account for the many
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Fig. 8. JENSEN-MAYER level scheme.

values of § that occur in this region. Se™, however, with 45 neutrons has
spin |, and therefore constitutes the third serious spin discrepancy. Apart
from the the three spin exceptions mentioned above, we have encountered
so far only two cases of neutrons and protons behaving differently: namely,
the silver isotopes with 47 protons which have P, orbits, while Kr®3 with 47
neutrons has g, ; and Tc® with 43 protons is g, , while Se? with 43 neutrons is py-

In the shell between 50 and 82 neutrons or protons, no spins of § should
appear, nor are they found. The only serious discrepancy amongst the mag-
netic moments occurs in this region: it is Eul®® with 63 protons, which appears
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to have a f; orbit instead of the expected d; for spin §. The g; and d; levels
seem to be close together; from 50 up to 63 all spins are # or }, arranged
apparently arbitrarily. The isotopes of Mo may be exceptlons having
spin }; but this point is not yet settled. From 63 up to 75 neutrons in-
clusive, all spins are §. This can most easily be understood with the ordering
of levels given in Fig. 8, together with the usual assumption that pairing
forces in both the g; and the kx levels are sufficient to depress them below
the s, level. The neutron shell closes with the dy orbit, Ba'3 and Ba'¥ with
79 and 81 neutrons, each having spin 3.

The situation is somewhat different for the odd proton nuclei. From
51 to 63 protons inclusive, all spins are again § or §. With the possible
exception of Tm, Laving 69 protons, however, no spins of { are encountered
until 81 protons is reached, only the values §, 3, and ¥ being found. There
is some doubt about where the kn level is filling, but one would in any
case expect it to fill in pairs. Tho shell ends at 81 protons with TI293 and
T1208, both of which have spin 4. The electrostatic repulsion seems to have
the predicted effect: relative to the neutron levels, the g; level is depressed
and the s, level raised.

Too few spins are known in the following shell, 82 to 126, to enable any
detailed discussion to be made. The neutron shell begins at Nd43 and Nd45,
with 83 and 85 neutrons respectively, and both these nuclei have spins of
§; it ends with p,; at Pb*7? with 125 neutrons*. It is to be expected that
? spins will again appear in the region »f neutron number 87 to 97, but no
measurements seem to have been reported as yet. All that one can say about
the proton shell is that it commences with an k4 orbit, as indicated by Bi%®.

Nothing whatever can at present be said with any certainty about the
ncutron shell beyond 126.

6. ELECTRIC QUADRUPOLE MOMENTS
Having set up with the aid of the spins and magnetic moments a fairly
detailed level scheme, it remains to be seen whether we can correlate it with
further nuclear properties. The first property we shall consider is the electric
quadrupole moment, for this will lead us to a better understanding of the
magnetic moments. The regularities of the quadrupole moments have been
studied recently by ROSENFELD 50,

Firstly, concerning the question of charge, it seems that there is no
appreciable difference in behaviour between odd-proton nuclei and odd-
neutron nuclei, both as regards sign and absolute magnitude. As RosEN-
FELD points out, this strongly suggests an active exchange of charge botween
nucleons, as one would expect on the basis of an interaction which is produced
at least in part by charged mesons.

The second regularity concerns the sign of the quadrupole moment.
Nuclei that contain apart from filled levels one loose particle (neutron or

" * Private o communication from Prof. M. II. L. PRYCE: the lowest states of Pb®7 in order of cnergy
are p&(O). /g(ses kev), m(seo kev), 17(1105 kev) and ;1’*(1630 kev); with the exception of the missing
h,; level, these levels are in ugreement with those of Fig. 8, bearing in mind that a single neutron ‘‘hole”
would have energy levels in the reverse order to those of a single ncutron.
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proton) have negative quadrupole moments; those that require only one
particle to complete a level (i.e. that have one hole) have positive quadrupole
moments. Of the thirty or so measured examples, only Li? breaks the rule.
A particularly beautiful example is afforded by the sulphur isotopes: S33
has one neutron in the d level, and its quadrupole moment is negative,
while S3 has one hole in this level and its quadrupole moment is positive.
Qualitatively, the quadrupole moments behave in this respect as if they
were primarily due to the motion of a single positive charge, or a single hole,
in an otherwise closed distribution of positive charges. A proton of angular
momentum ! moving in a central field gives rise to a quadrupole moment

21
Q=— TS} (r*)avs

where (r2),, is the mean square radius vector of the orbit considered; for
a hole we simply have to change the sign of this expression.

The third feature concerns the absolute magnitudes of the quadrupole
moments. For masses up to about 100, and for the two heaviest nuclei yet
measured, Hg? and Bi%%®, the absolute magnitudes are in very rough accord
with the values obtained from the single particle expression above, when
we put (r?),, about equal to R2, the square of the nucleus radius. Nuclei
with masses in the range 100 to 200, however, have, with very few exceptions,
moments abnormally large by a factur of about 10.

Now the quadrupole moment, even more than the magnetic moment.
depends sensitively upon the model assumed; and in a shell model we must
therefore take into account possible contributions which arise from the polarisa-
tion of the core by the odd particle. The core in its free state as an even-even
nucleus would be spherically symmetric; but the addition of another particle will
produce a deformation, and we may assume that is becomes slightly ellipsoidal.
In a perturbation treatment such effects are taken care of in second order.
the deformation being equivalent to a sum over intermediate states. However,
we can form a simple estimate, following RAINWATERS52, on the basis of the
semi-empirical mass formula, if we assume that the major contribution
to the quadrupole moment again comes from the motion of a single particle;
but this particle is now considered to be moving in a slightly ellipsoidal
field, the effect of which is to remove partially the spatial degeneracy as-
sociated with the magnetic quantum number *.

The result of the calculation is to increase the simple one-particle value
given above, by a factor which may, according to RoSENFELD, be written

4 Z (WBP2Mr)ky,
16 g 4T T—y(@Ya)’
where it is assumed that the nuclear radius R =7, 4%; the k, ; are the suc-
cessive zeros of the BESSEL function Jj,, (2); and the constants ¢ =2:74 Mev

and y=0-02 are known from the semi-empirical formula. For Lul®®, with
n=1 and [ =4, this factor is about 5, which is at least of the right order

* See also the discussion by AAGE BOHRS3s,
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of magnitude. Other forms of deformation, such as can be produced by
noncentral forces, probably also contribute appreciably to the large quadrupole
moments, but we shall not consider them here.

It appears, then, that the quadrupole moments afford us, within the
framework of the single-particle model, a measure of the polarisation of
the core by the odd particle; and we are entitled to enquire whether there
is any relation betweon the quadrupole moments and the deviations of the
observed magnetic moments from the ideal ScEMIDT values. There are
several pairs of isotopes, differing by two neutrons, for which the quadrupole
moments have also been reported. In Fig.9, following KoPFERMANN *, are
plotted the magnetic moments of some of
these pairs against their quadrupole mo-
ments; and extrapolating linearly back to \
zero quadrupole moment, values of the
magnetic moment are obtained in much Xﬁum

\N
g™ \g'i

[

-«

closer accord with the ScHMIDT values,
also indicated in the figure. The case of
the Eu isotopes is of especial interest in
that Eu!’® was thought to be the only
serious discrepancy amongst the magnetic Ga’*
moments; the extrapolation in this case, =N\ N\
however, is so large that one should treat 1
it with some reserve. Of course, there .:

no guarantee that the linear method of
extrapolation is the correct one to use; 0 a7 02 23 0¥
more experimental evidonce is required ¢ for Br.Ga, €10 for Eu [0/
on this point; but at least it would seem  ¥'& - Magncuio moments versus quadrupole
that, qualitatively, the deviations of the

magnetic moments from the ideal values can be attributed to polarisation
effects. Accordingly, ono feels more certain of the assignment of orbital
momenta on the basis of the ScuMIDT model.
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7. ISOMERISM

We have seen that the single particle model holds remarkably well for the
spins of the ground states of the odd-mass nuclei; and it can be expected
that it may also hold good for their lowest excited states. On the basis of
the proposed level assignment, which gives in addition to the spin values
the parities of levels, it is therefore possible to reach some general conclusions
regarding the low-lying excited states; in particular, we can predict where
isomeric transitions can be expected; and to some extent we can classify
the transitions according to their electric or magnetic multipolarity. Con-
versely, the known electromagnetic characters of some isomeric transitions
enables us to verify any proposed level scheme.

The half-life against electromagnetic disintegration of a nucleus between
two states differing by energy £ has been represented by several approximate

* Reported at the Copenhagen Conference, 1951.
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formulae of which the most recent, due to WrIsskor¥?s3, seems to fit the
experimental data most consistently. For an electric transition in which
the spin change is A.J, WEISSKOPF’'S one-particle formula for the half-life
in seconds is

_ [1,8...(24J +1)]? 2e (l31)24.l+1
i 17, P A

where £ is in units mec?, 272, is the ComproN wavelength of the electron,
and p is the nuclear radius in units of e?/mc® For magnetic transitions in
which the spin change is AJ the above expression must be multiplied by a
factor (R/2,)%, where R is the nuclear radius and 2z 2, is the CompToN wave-
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Fig. 10. Frequency of occurrence of odd-mass isomers.

length of the proton, times a constant numerical factor of about 0.1. The
corresponding multipolarities, electric 2!-pole or magnetic 27— 1-pole, are
shown below.

Transition El1 M1 E2 M2 E3 M3 E4 M4 E5
aJ 1 1 2 2 3 3 4 4 65
Parity change yes no no yes yes no no yes yes
Multipolarity 1 2 2 3 3 4 4 5 5§

On the basis of the WE1ssgopF formulae, and of the relativistic calculations
of the internal conversion coefficients by RosE et al.®®, a full classification
of all known nuclear isomers has recently been given by GoLDHABER and
SUNYARS,

For the purposes of this review we shall consider as isomeric only tran-
sitions that have 4J = 3, although this is an entirely arbitrary classification.
Isomerism in the odd-mass nuclei may thus be expected, according to the
selection rules, where the ground state has a very large spin such as §, or where
it has very small spin but belongs to a shell in which levels of large spin
may reasonably be expected to occur near to ground. Fig. 10 is a histogram
showing the frequency of occurrence of odd-mass isomers as a function of
N or Z, whichever is odd ; with a few exceptions, all isomers are found in two
distinct regions—*“the islands of isomerism”—the first lying between 39
and 49, the second between 63 and 81, inclusive. Referring to the level
scheme, Fig.8, we see that these are respectively the regions where the
g; competes with the p, level for lowest place, and where the /11 level competes
with the & and d, levels. All transitions involving the g; and Ay levels as
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initial or final states require a change or parity, so that only odd A-values
are expected in both these regions. In the first region where one is concerned
only with the transition gy—>py, AJ =4, only M 4 transitions should occur.

Considering only the two main islands of isomerism, the great majority
of isomeric transitions are indeed found to be M 4 in agreement with the
shell model predictions. In addition, however, there are a number of E 3
transitions that do not fit the simple single-particle picture. Most of these
oceur in the first island and seem to involve the gs level. While the ScamipT
interpretation of the magnotic moments is that in the ground state an odd
number of particles, each with angular momentum j, combine to form a
resultant J =3, there are in gencral several other states allowed by the
exclusion principle, sume of which may occur near to the ground state. These
states are allowed in the more general individual particle model, although
not in the single-particle model. The E 3 isomer Tc*, which appears in the
first island, seems to be of this kind : the ground state is gy; but the isomeric
transition takes place between two excited states the upper of which is
thought to be p,, while the lower is given as }(+-), and may be interpreted
as onc of the states of the configuration (g;)3. According to GOLDHABER
and SUNYAR, nearly all the E 3 transitions can be explained in terms of
a §(4) stale of one of the configurations (94)%5%7; the gy and }(4) levels
appear to be rather close in energy. These transitions were previously thought
to have’® A4 —4, on the basis of inaccurate life-time formulae and non-
relativistic calculations of the conversion coefficients, and as such constituted
one of the chief difficulties of the shell model in its early days.

The evidence strongly supports the existence of b levels as excited
states of the 50-82shell. For example. Ba'® with 81 neutrons has a d,
ground state, and the isomeric transition is M 4. A spin change of 4 is required,
and a parity change, so that the isomeric level must be of odd parity and
spin 3. From Fig. 10, we see that there may be a third island of isomerism

for Nz 90: this is probably associated with the i-level.

8. f-DEecay

Any discussion of f-radioactivity is necessarily complicated by the fact
that the oxact nature of the interaction between electrons and neutrinos
on the one hand, and neutrons and protons on the other, is not properly
understood ®. Of the five simple interactions which are allowed by conditions
of invariance and which do not involve derivatives of the field, the evidence
regarding the shapes of certain forbidden spectra® favours the tensor theory
for which GaMow-TELLER selection rules apply. It cannot be ruled out
that the actual interaction consists of a linear combination of the simple
types amongst which the tensor term has a dominant role; however, for the
very brief discussion that follows it is sufficient to assume simply that the
selection rules have the GaMow-TELLER form.
For an allowed transition, the G-T rules are

AJ =0, 1; no parity change; 00, forbidden;

17 Progress in Nuclea: Physics, Vol. 2 257
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and for the first forbidden transitions
4J =0, 1, 2; parity change; 0—0, forbidden.

The degree of forbiddeness of a tranmsition is often determincd (somewhat
arbitrarily) by its comparative lifetime, or f¢ value. In Fig. 11 we show a
histogram, after FEENBERG and TR1GG%, on which is plotted the frequency
of occurrence of odd-mass S-emitters as a function of log,q f¢, where, however,
first forbidden transitions with AJ =2 have been omitted. These latter
transitions are the ones which show the forbidden type of spectrum, and
their f¢ values, when corrected by the “‘shape factor”, are all about 101,
as shown by SHULL and FEENBERG®.

It is seen that the f¢ values, in spite of considerable straggling, fall into
certain discernible groups. The first, quite distinct, group centred on log ft =
20 3-5 corresponds to the
superallowed, or allowed
— 0dd A betweer: ground sfafes a.n d favoured, transi-
i 124, yes, omitted tions that take place bet-
ween the ground states
of mirror nuclei, and for
which, consequently, the
0}k spatial wave function
remains unchanged in
the transition, apart
from a small change due

;T to the Coulomb diffe-
rence.

rﬂ_l According to a shell

U % A 7 r 4 model it is possible, as

109 fE o log,, f¥ (24 +7) we have seen, to assign

Fig. 11. Histogram of /¢ values for g-decay. definite orbital momenta

and parities to low-lying
levels and in particular to the ground states. One may then, following
NorpHEIM®, reframe the above selection rules according to the changes in the
orbital momentum L, or in intrinsic spin 8, in addition to the total spin J. The
normal allowed transitions are then those for which AL=0,48=0,1;these
appear in a group in Fig. 11 centred on log ft =5-0. The normal first forbidden
transitions occur around log ft =6-2; and these are interpreted as AL =1 (i.c.
parity change), together with 4J =0, 1. The group that appears in between
these two in the histogram may be due to the allowed transitions in which the
orbital angular momentum changes by two: AL=2,A8:=1, 4.J — 1, no parity
change; the f¢ values one would expect to be larger than for the normal allowed
transitions in which there is no change in L. The first forbidden transitions,
AL=1, AJ=2, with the forbidden shape of spectrum, have uncorrected
values of log f¢ between 8 and 9; while higher forbidden transitions have values
above 9. With this new and more extensive classification, NorpHEIM reports
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that there is no discernible trend towards increasing ft values with increasing
atomic weight as was formerly believed *.

More definite information regarding the spins and parities of nuclear
levels may be obtained by studying the f—y and y—y angular correlations
and the internal conversion coefficients. Several examples of level schemes
have been discovered, some quite complex, which are consistent with the
one-particle interpretation; but a detailed discussion of this subject would
take us too far afield. As in the case of isomerism, it is often found that
levels occur which cannot be reconciled with the one-particle model, but
which nevertheless are not 9%
inconsistent with the indi-
vidual particle model. There
is little doubt that the study
of B- and yp-spectra provides

the surest test of any shell _ }‘,‘;

theory. —t- 396 i,z;";
A single example must !

suffice; we choose Cd™, W 2y,

obtained in the f--decay of

Agt, and in K-capture from

Inl, studied recently by a7 M"/"

McGinnisel., In Fig.12 the

level scheme is shown. The

ground state of Cd!! is known

to be 3, even; from the §- !

spectrum of Ag! the con- T’ Iy,

version coefficients of the 340 Ag™ cm Inm

and 247 kev gamma-rays are Fig.12. Levels of Cd™i.

both found to be consistent

with electric quadrupole, or a mixture of electric quadrupole and magnetic
dipole, radiation ; so that the spins must be § or § with no parity change. The
ft values are also shown in Fig. 12; according to the selection rules the transi-
tions 8, and B are first forbidden with 4 L =1 and 4J =0, 1; so that the ground
state of Ag'! must be } or §, odd. The ft value of B, suggests first forbidden
with AL=1 and A4J =2; but the intensity of the transition is too small to
allow this to be checked by the shape of the spectrum. On this basis, the lowest
three levels of Cd'!! are determined. The conversion coefficients for the 172 kev
gamma-ray between the 419 and 247 kev levels indicate magnetic dipole,
80 that the 419 kev level must be §, even, and it is probably 9;- The ft value
of the In'! transition suggests a normal first forbidden transition; no g-rays
seem to go to the 247 kev level, so the ground state of In!! is fixed as 2,
even, and probably g;. The remaining 396 kev level of Cd!! is metastable,
and the single particle model suggests )} and odd parity, so that the 149 kev
transition to the 247 kev level would be E 3. The half-life and the conversion

* A full discussion of A-decay and shell structure will be found in the papers by MAYER, MOSZEOWSKI
and NORDHEIM®, and by NORDHEIM®,
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data confirm this assignment according to GOLDHABER and SuNyar®, All the
levels are seen to be in accordance with the spin-orbit shell model, although,
as is not surprising, the order of levels differs somewhat from that proposed
in Fig. 8 which is based upon the ground states only. A further conclusion
concerns the magnitude of the spin-orbit splitting; the splitting of the 2d
levels is seen to be 93 kev. -

Many further examples of level schemes may be found in the literature.
In particular, the reader is referred to Prof. BuRCHAM’S article for a detailed
discussion of the energy levels of the lighter nuclei.

9. THE MANY-BoDY PROBLEM

We turn now to consider some of the calculations that may be performed
on the basis of the individual particle model. A fundamental difficulty
immediately arises in that our knowledge of nuclear forces is very limited.
The low-energy two-particle data is consistent with a force which, apart
from the Coulomb interaction between protons, is symmetrical between
neutrons and protons; it is of short but finite range, and probably in large
part central; and it has a strong Majorana space exchange component
which becomes more evident at high energies. In order to account for the
properties of the deuteron, it is also necessary to assume a spin-exchange
term and a non-central tensor force. At very high energies, = 50 Mev, there
is some evidence®? that p—p and n—p forces are no longer identical, and that
spin-orbit forces may have to be introduced; but this need not concern us
since kinetic energies within a nucleus are probably less than about 30 Mev5!.

The general two-body central exchange force may be written V=QV (r),
where the operator

Q=w+4+mP,+hP +bP,

defines the exchange nature of the force whose radial dependence is given
by V (r). Here P, exchanges the spatial coordinates, P, the charge coordinates,
P, the spin coordinates. All theories agree that the leading term is P,; for
a symmetrical meson theory giving saturation and the correct triplet-singlet
splitting of the deuteron we have® w~0-13, m~ — 0-93, h~—0-26, and
bas—0-46. For lack of other information it is usually assumed that the ma jor
part of the force is of this kind; and if only a central exchange force is con-
sidered, saturation requirements demand a symmetrical force: but the non-
central forces are known to be present (and must be quite strong according to
the spin-orbit coupling shell model); and the possibility of many-body inter-
actions predicted by meson theory cannot be ignored.

Most work on the nuclear many-body problem has been based in the
first instance upon the so-called WIGNER approximation!, in which only
the terms w and m are retained, all forces depending explicitly upon spin
and charge being allowed for at a later stage. With this assumption, we may
ask what properties are reflected in the nuclear wave function, irrespective
of detailed structure, by the symmetry of the Hamiltonian. The Hamiltonian
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is invariant with respect to certain groups of transformations: and the
eigenfunctions are characterised by corresponding quantum numbers that
arise from the representations of the groups. The powerful methods of group
theory may thus be used to label states of the nuclear system, and to make
at least semi-quantitative predictions regarding the energics of these states.
The particular value of the group theoretical method in the problem of nuclear
structure lies, as we have already remarked, in the fact that the effect of the
Majorana exchange force strongly depends upon the properties of the
wave function with respect to permutation of particles.

From the symmetry of the nuclear Hamiltonian with respect to spatial
rotations, it follows that the total angular momentum vector J is quantized
in such a way that J2 takes on the values .J(J 4 1), where J is integral if
A is even, half-integral if 4 is odd. If in addition the coupling between spin
and orbital motion is ignored, nuclear states may be grouped into degen-
erate spin multiplets, just as in atomic spectroscopy, characterised by the
quantum numbers L and 8; the multiplicity is 28+ 1, and the total angular
momentum takes values between |L— S| and L+ 8. This spin degeneracy
is removed by the introduction of coupling forces.

A further quantum number that is always valid is the total charge of
the nucleus. Just as one ascribes to a nucleon a spin vector ¢ having a 2-
component - 1, so that the total intrinsic spin is § =} ¢, one may formally

1]
ascribe a charge vector v with components +1 in the {-direction of a purely
formal isotopic space®, 41 denoting a neutron, —1 a proton, such that
the total isotopic spin 7'=} 3 7", Clearly 27.=N—Z, the usual isotopic

number. As long as charge dependent forces, including Coulomb forces,
are ignored, the Hamiltonian will be invariant with respect to “rotations”
in isotopic space: and it follows that not only 7' but also T will be quantized,
in such a way that T? takes on the values T(T+ 1) with integral or half-
integral 7. The 27T 41 degenerate terms for given T' then define a charge
multiplet: the terms correspond to isobaric nuclei of different isotopic number.
The Coulomb interaction of the protons, and other forces dependent non-
linearly upon charge, remove the degeneracy of the charge multiplet.

Now, in the WIGNER approximation, & number of these spin and charge
multiplets will coincide in energy, forming a ‘“‘supermultiplet”; and at
least one further quantum number will be required to label this new de-
generacy. The wave functions of a degenerate supermultiplet have the
general form

!
(0,0, ) = g DL 102, (4)
k=1
where the linear combination of f terms is such as to make the total function
¥ completely antisymmetric as required by the exclusion principle. The
supermultiplet is then completely characterised by the symmetry properties
of the @, with respect to permutation of particles.
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The symmetry properties of a wave function of A particles with respect
to permutations may be characterised by a partition of 4 into four positive
integers

A=+ A+ A+ 4,
where
hzlhzi=2h,

expressing the fact that I' can be made symmetric with respect to groups
of at most 4, ..., nucleons. The partitions of 4 are said to characteriso
the irreducible representations of the group of all permutations on A particles;
but we consider only partitions into 4 parts because I" cannot be made anti-
symmetric in more than 4 nucleons (o,= +1, 7,= 31). We may regard
A, as the number, for example, of neutrons with o,= +1, 2, 88 the number
of neutrons with g,=—1, and so on. It turns out that a supermultiplet
may be characterised completely by three numbers, in addition to 4, two
of which are the maximum values which S and T may take, while the third
is defined as having a z-component given by ¥, =} 3 o® (.

)
The ordering in energy of supermultiplets on the WiGNER approximation
is then determined by the values of the quantity

=3 [(P4 27+ (P'+ 12+ P2,

where P, P, P are the numbers S, 7', ¥ arranged so that P> P’'> P".
In terms of the partitions it is clear that

P=4(0+2da—2—A)
P=3(A— 2+ A~ 1)
P’ =34~ 2o — A+ 4y)-

Since the values of P, P', P, and therefore £, do not change if each 4 is
increased by the same amount, it follows that an «-particle periodicity will
arise quite naturally and without ad hoc assumptions.

The supermultiplet lowest in energy is that which has the lowest values
of 8, T, Y consistent with the inequality relations. The ground state of
a nucleus in the WiGNER approximation is therefore the one having maximum
spatial symmetry consistent with its known isotopic number, i.e. that with
P=T,=T=4(N—Z), while P’ and P tako their smallest possible values.
The symmetry of I" fixes uniquely the symmetry of @; for in order that ¥
should be completely antisymmetric it is required that I" and @ have dual
symmetry. Thus not only I', but also @ and ¥, are characterised by the
numbers 8, 7', Y.

The symmetry theory of WiGNER, although more general than an individual
particle theory, forms a valuable starting point for a first-order perturbation
treatment of a shell model similar to the SLATER treatment of atomic con-
figurations. We consider, then, a nucleus which contains, apart from closed
shells, » particles having orbital angular momentum I. The energy required
to break up closed shells we suppose so large that the lowest states will be
solely those of the configuration I". We neglect for the timo being config-
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urations in which particles are in different orbits; and we enquire what
are the lowest states, in the WIGNER approximation, of the configuration I*.

It is well known in group theory®* that the partitions of n characterise
also the irreducible representations of the group of linear unitary trans-
formations Uy, ,,, in 241 dimensions, applied to the wave functions @
of n particles considered as tensors of rank = in the space spanned by the
states of a single particle (m =—1,...,l—1, ). If we now restrict ourselves
to those unitary transformations which are in addition transformations of
the ordinary rotation group in 3 dimensions, each of the representations
of U,,;, breaks down into irreducible representations D of the rotation
group R, characterised by the quantum number L. Thus a procedure exists
for finding what possible L values correspond to a given supermultiplet.
A further classification of states is possible if a group G exists such that
7 is a subgroup of U containing R; as a subgroup (UDGD Ry). For I>1,
a suitable group is always furnished by the group R,,,, of proper rotations
in 21+ 1 dimensions, obtained by restricting our initial unitary transfor-
mations to those which are also orthogonal. The representations of R,;. ,
provide fresh quantum numbers to label the nuclear states. The characterisa-
tion of states according to the representations of R,; , was first introduced
into spectroscopy by Racamss.

The new classification has physical significance, strictly speaking, only
if forces are of infinitely short range: in this case, all states which transform
according to a given repres:ntation o. R,;,, are almost degenerate, so that
the numbers characterising the representation are ““good’” quantum numbers.
Tt is pointed out by JAHNS®® that, with conventional short-range forces, one
is quite close to this fictitious limit*. The energy of a nuclear state in first
order may in fact be written in the following manner:

E =eEO® -6, E® 1 ¢, E® | ... 4 ¢, E®

where the E® arc suitable combinations of the usual SLATER integrals (see
CoxpoN and SHORTLEY!3), and the e; have a special significance. The coeffi-
cient e,=4n(n—1) gives the interaction energy of the configuration inde-
pendent of symmetry; the coefficient e, involves, in addition to =, the
quantum numbers 8, T', Y, and those characterising the representation of
Ry, to which the state in question belongs, but not L. The remaining coeffi-
cients involve also the I values in a more or less complicated fashion. In
the fictitious limit when all E® vanish except E@ and EW, all states belonging
to a given supermultiplet and to a given representation of R,;,, become
degenerate. This is the “ LAPORTE-PLATT® degeneracy” of atomic spectro-
scopy. The degeneracy is equivalent to the introduction of ! — 1 independent
linear relationships among the SLATER integrals. Assuming wave functions
of a harmonic oscillator or of a spherical well potential, SWIATECK1I® has
shown that EQ S>> E® E® ... with forces of conventional non-zero range.

Assuming, then, that forces are mainly of the short-range WigNER plus
MAJoRANA type, it is now possible to state the following conclusions regarding

* The degeneracy with a s-function interaction is exact only for the d-shell.
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the ground states of nuclei in RUSSELL-SAUNDERS coupling. Even-even
nuclei should be in 1§ states; and odd-mass nuclei should be doublets with
maximum orbital symmetry having L=1. These latter states are precisely
those obtained by the addition of a single particle to a spherically symmetrical,
even-even core: the assumption of a MAJORANA force of short-range leads to
a single-particle model for the ground state of an odd-mass configuration. If
we now assume further that a spin-orbit coupling term is added to the Hamil-
tonian, the doublet states split to give states with J =1 4 }; if the splitting
is “inverted,” i.e. if the coupling term has the right sign, the state with
J =1+ } is the lower at the commen-

Table 3—8pin of odd-odd nuclei in cement of a shell, and that with
L8S-coupling J =1—} at its closure. These results

are in complete accordance with the

Nucleus l Predicted state | Observed spin N

- requirements of the JENSEN-MAYER
H 9, 1 shell model, at least for light nuclei
Lit 38, 1 where the spin-orbit coupling is not
B0 33, 3 large enough to invalidate the assump-
N 38, 1 tion of RUSSELL-SAUNDERS coupling.
g::: :;l 2 The complete classification of states
Cpe 3]4‘: 9 of the nuclear configurations " and
Ko ? 4 p" has been given by FEENBERG and
Sc# 3H? ? Wiener!2, and by Hunp®; of the

configurations d* by JAHN®; and of
the f* configurations by FLowERs?,

The predicted spins of the odd-odd nuclei are less certain in that they
depend more sensitively upon the exact nature of the force. There is firstly
a choice between singlet and triplet states, of which the triplet would be
the lower with symmetrical forces, as for instance in the deuteron. If there
are equal numbers of neutrons and protons. 4 =22, the ground state should
then be 38. If A4-2Z, the ground state depends also upon the range of the
force as well as upon its exchange nature, though rather insensitively: with
forces of conventional range, the lowest states in the p-shell would be 3Py.1,25
and in the d-shell, 2F, , ,. With inverted spin-orbit coupling the usual choice
of J may then be made according as the shell contains more or less than
I+1 nucleons. Table 3 shows the observed and predicted spins as far as
they are known for the odd-odd nuclei: the agreement is not striking. The
reason for disagreement may lie in the more dctailed dependence upon the
nature of the force, and particularly upon the tensor force which we have
neglected completely. The magnetic moments of Li®, B'?, and N4, certainly
suggest that the tensor force is of increasing importance for heavier nuclei;
and in B it seems that the 3D, state is actually depressed below the “mixed”
state 38,+-2D,. The disagreement in the cases of Na2? and Cl* may be due
to mixed configurations, for the 2d and 2s levels are very close in energy,
while K% is uncertain theoretxcally in that it contains a mixed configuration.
The prediction of the high spin values of Table 3 suggests that isomerism
can possibly be expected in these regions, particularly at th beginning of
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the f-shell; and it is significant that the odd-odd nuclei Sc# and Sc® are both
reported 5 as having isomeric states.

10. jj-CouPrLING
According to the JENSEN-MAYER shell model, strong spin-orbit forces must
be invoked to explain the regularities observed amongst the heavy nuclei,
so that the oxtreme RUSSELL-SAUNDERS coupling approximation discussed in
the last section may become a poor one. In extreme jj-coupling, states of
a single particle are characterised by j in addition to I and the principal
quantum number. States of systems of many particles, on account of the
strong coupling, may no longer be characterised by L and §, but the total
resultant angular momentum J must still remain a good quantum number.
Provided, moreover, that forces depending in a non-linear manner upon
charge are ruled out, the isotopic spin 7' in addition to its {-component will
remain a good quantum number. This will certainly be so, for example,
with symmetric forces; but the Coulomb interaction will eventually give
rise to a mixing of 7' values in heavier nuclei.

Although the jj-coupling approximation is more restrictive than the
L&S-coupling approximation (since an additional quantity, j, must now be
specified for each particle), similar group theoretical methods may never-
theless be applied. The classification of states of a configuration (,)" according
to charge multiplets (i.e. according to 7') is again equivalent to a clas-
sification according to the irreducible representations of the groups of unitary
transformations U,, , , in the 2j 4 1-dimensional space spanned by the states
of a single particle of momentum j: and corresponding to each representation
of U it is possible to find the set of allowed J values. The role of the rotation
groups R, , is, however, taken by the groups of symplectic® transformations
Sp,; 1 again, if certain fictitious lincar relationships exist between the SLATER
integrals, all states belonging to a given representation of Sp, and of a given
charge multiplicity, will be degenerate. Thus an analogue of the LAPORTE-
PLaTT degeneracy exists in jj-coupling; and calculation indicates that onc
is again not far from the ideal limit with conventional forces.

Results of the jj-coupling theory are as yet meagre. The complete clas-
sification of states of the configurations j*, with j =1}, , 3, and }, has been
given by FLowERs™; while a few special cases of the energy matrix for a
MaJORANA interaction have been considered by MaYER"2, by KURATH™ and
by TaLmi732, These preliminary calculations are of some interest, however,
and we state some of the conclusions below-.

Mrs. MAYER has taken wave functions appropriate to jj-coupling, and has
calculated for several configurations the effect of a contral force of infinit-
esimal range (contact interaction), treated as a perturbation. Under these
circumstances, she has been able to verify that a configuration containing
an even number of neutrons or of protons would have J =0, while a con-
figuration containing an odd number of particles of one kind or the other
would have J =j, in the ground state. Thus, in both RUSSELL-SAUNDERS
and fj-coupling, it appears to be possible to derive the single-particle model
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from the more general individual particle model, provided that forces are
of sufficiently short range. This result is encouraging; for the spin-orbit splitt-
ing, though large, is comparable with the ‘“ordinary” level spacing. The
coupling scheme in nuclei is probably intermediate between the two extremes.
Further, Mrs, MAYER has shown that the “ pairing energy”, i.e. the interaction
energy between pairs of equivalent particles, does increase with increasing j,
as required in the JENSEN-MAYER model*.

The ordering of levels in jj-coupling, however, depends rather more
sensitively upon the range of the central force assumed as interaction. A
calculation of the ordering of levels of the (d;)® and (f;)® configurations
as a function of range has been made by KuraTH; these configurations
are of especial interest in that they are the shell model assignments for the
two nuclei Na?® and Mn% which show the spin discrepancies, the former
having spin § instead of the expected 3, the latter § instead of }. The cal-
culations show how the levels of (d;)® with J =4, %, and those of (f;)® with
J=1%, 4%, §, change order from that stated at very short range to the reverse
at very long range; and in the latter case there is a small region about the
crossover point where the # level is actually the lowest. The transition
occurs at a range bearing a definite ratio to the extension of the nuclear
wave function: for heavier nuclei this corresponds to a range so great as to
be unacceptable for nuclear interactions; but for light nuclei the crossover
takes place at a point of the correct order of magnitude, though still some-
what too large. It has been emphasised by ROSENFELD® that the only
possible spin discrepancies of this type are, then, Ne? and Na2, both with
(di)a configurations, and Ca%, Ti%?, V5! and Mn%, with (fz_)s configurations.
The spin of Ne?! is undecided between § and §, but Na* is definitely anom-
alous; the spins of Ca®® and Ti%¥ are unknown, while V3 is normal, and Mn35
has the anomaly. These anomalies are to be expected in the above nuclei,
but nowhere else. A similar problem arises, however, in the 9y shell, as we
have mentioned, where the § and I states appear to compete. A recent
calculation by the present author has shown that the ] level is never the
lowest with central forces of any range, but it lies very low in energy at
significant ranges. It is most satisfactory that anomalies actually occur at
the places where theory can account for them.

Regarding the odd-odd nuclei, the position is not yet clear. On the basis
of the JENSEN-MAYER level assignment, and taking the observed spins as
given, FEENBERG 4 has shown that the magnetic moments are in excellent
agreement with theory, as shown in Table 4, if they are treated according
to a two-particle model in which the odd neutron and the odd proton move
independently. The spin predictions in extreme jj-coupling for Li® and B
are both 3, while in LS-coupling they are both 1: in fact Li® has spin 1, while
B has spin 3. This disagreement remains unexplained, although Racam
and ZELDES? report encouraging results in the more general intermediate

* Allthese results have recently been derived in a more general way (for forces of finite range) by FLOWERS
and EDMONDs®! 82, (See also FLOWERRSS? for a brief summary.) In these papers it is shown that the symplectic
group plays an important part in determining the energies of nuclear states in jj-coupling.
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Table +—Magnetic moments of odd-odd nuclei

Nucleus l Neutron Proton ‘ Observed spin l BEzp | Bealc

Li¢ Py 4 1 0-82 1 0-63

B B p 3 180 | 188

N P} ! N 1 | 0-40 " 0-37

Naz22 dg ] d; 3 1-76 | 1-73

Ko i 4 ¢ | -1 L —170
. ] !

coupling. It seems that the odd-odd nuclei constitute an important class
which may lead to a better understanding of the nature of nuclear forces.

11. HIGHER APPROXIMATIONS

It has been shown how the individual particle model can be made to yield,
as a result of a first-order perturbation treatment, in both LS- and jj-coupling,
the observed single-particle model for the lowest states of nuclei. No a priori
justification for the validity of the individual particle model, however, has
been given; on the contrary, reasons have been stated why the model might
not be expected to hold—the strength of the nuclear interaction and its
short range, the correlation energy. and the likelihood of many-body forces,
all lead one to expect a behaviour more akin to a liquid drop. If it could
be shown that the perturbation treatment does in fact converge fairly quickly,
at least for the low-lying st~tes, one ~ould feel considerably happier about
the internal consistency of the model; but no such proof has yet been given.
A step in this direction would be furnished by considering the second-order
perturbation terms, including the cffects of interconfigurational mixing.
A fow calculations along these lines have been performed, and we shall end

this review by giving a brief account of them.
EuLER™, using a Gaussian potential, and more recently, HuBY?, with
a YURAwA potential and a symmetrical exchange force mixture, have calc-
ulated the binding energy per nucleon of an infinitely heavy nucleus (no
surface effect), neglecting the Coulomb repulsion, and taking as zero-approx-
imation a FERMI gas confined within the nuclear volume. To second order,

the total encrgy per nucleon may be written

E=T+4+V 47",
where T', the zero-order energy, is simply the expectation value of the kinetic
energy, and V' is tho oxpectation value of the potential energy in the ground
state. The last term is tho second-order term, summed over all intermediate

states: . Voil*
A N
140

where Vy; is the matrix element of the intoraction between the ground state
and the state ¢. This term may be regarded as arising from interconfigurational
mixing. The results of Hupy’s calculations are not encouraging: in arbitrary
units of energy, the terms 7', V', and V", for a nuclear radius that minimises
the total energy, are found to be 1-35, —1-41, and —0-35, respectively: and
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the total, 7' V’'- V", amounts to some 40% of the observed energy per
particle. As far as can be seen from three terms, the perturbation method
converges only slowly, if at all, and the configurational mixing is quite large.

This calculation is open to objection from the point of view of the individual
particle model, however: for it has been shown that the most important
characteristic of a nuclear wave function is its symmetry property with
respect to permutation of particles. The FErmI degenerate gas model, while
preserving total antisymmetry with respect to all coordinates, does not
reflect the maximum orbital symmetry required, according to WIGNER,
for at least the lighter nuclei in their low-lying states. It may be, although
this 18 speculation, that if the symmetries could properly be taken into
account, a second-order perturbation treatment would show better con-
vergence; for certainly there would be considerably fewer low-lying states
available for interconfigurational mixing. For higher excitation energies,
where the effects of symmetry, due to close level spacing, are no longer so
pronounced, the calculation might be expected to hold rather better: the
degenerate gas model and B¢ HR’s liquid drop model are in this respect
similar and may even be reconcilable at sufficiently high excitation energies.

A calculation of the effects of interconfigurational mixing in a specific
case, with due regard to symmetries, has recently been published by PRESENT?.
Here the object is to find whether the observed positive quadrupole moment
of Li? can be explained in terms of mixtures of states on the basis of central
exchange forces, taking into account only the states of maximum orbital
symmetry for each configuration. The shell model predicts for Li’ the con-
figuration 18%1p3, which gives rise to a negative quadrupole moment. The
completed s-shell has no effect upon the symmetry (or upon the quadrupole
moment) so the wave functions of Li? are characterised by the partitions
[3], [2-+1], and [1-+1+1], of which the first is symmetrical in the spatial
coordinates of all three particles and is lowest in energy in the WIGNER
approximation (maximum orbital symmetry). The vonfigurations considered
by PRESENT are 193, 1p22p, and 1p21f, of which the 1p%2p configuration
gives rise to two linearly independent 2P states, labelled (a) and (b). The
maximum quadrupole moment obtained, while not large, is positive, and is
obtained with the following ratios of wave functions: 1p3, 2p21f, 1p?2p(a),
and 1p22p(b) =0-344, 0-630, 0-670, —0-190. (This wave function does not
affect the value of the magnetic moment.) Since the 1p? function is only
present to 12%, the interconfigurational mixing is very large. Present also
shows that the inclusion of D states, produced by spin-orbit coupling, increases
considerably the quadrupole moment, but the magnetic moment becomes
further removed from the experimental value.

This work again is not encouraging ; but a great deal more needs to be done
before any firm conclusions can be reached about the importance of con-
figurational interaction. The spheroidal well trcatment of RAINWATER,
introduced to account for the quadrupole moments, is further confirmation
that considerable mixing takes place, but of a type which nevertheless allows
the single-particle behaviour to remain dominant.
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It may be that the solution to the problem lies much deeper, and that
a proper account of nuclear phenomena will require the full formalism of
a meson field theory, taking proper account of many-body forces??; and in this
respect at least, the theory is closely connected with the saturation properties
of nuclear forces. At present all that can be said is that the evidence presented
here is overwhelmingly in favour of a shell model. At its worst the shell
model is a valuable mnemonic which can give, in a wide variety of circum-
stances, useful guidance in the investigation of nuclear properties: why it
should work so well we do not yet know.

The author would like to thank Professor PEierLs, Professor PRYCE,
Professor Burcram, and Dr. Darrrz for reading this article, and for their
helpful comments.
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1. INTRODUCTION

When charged particles pass through matter, they lose energy by making
collisions with the atoms present, exciting or ionising them. If the energy
transferred is large enough, the electron liberated in the collision may in turn
make collisions, producing further excitation or ionisation. There exist several
ways in which quantities related to the energy transfers in these collisions can
be measured. For instance, in gases 1 2, and some liquids 3 4.5.¢ and solids? 89,
the ions can be collected by an electric field and measured by the change of
potential they produce in an electrometer or at the input of an amplifier. Under
suitable conditions, the ions produced can be counted directly in cloud chamber
photographs?®. Scintillations produced in some materials by the collision
processes were used in the earliest experiments on radioactivity for counting
particles, and recently the development of photomultipliers has enabled
measurements of the quantity of light produced by individual particles!.
Finally the passage of charged particles through photographic plates renders
some of the grains developable, and the number of such grains is related to
the ionisation produced!2. In this paper, we review the theory of energy loss,
and its influence on experiments of these types.

2. THEORY oF IONISATION

When a fast (but non-relativistic) particle passes through matter, the probabil-
ity per cm of transferring an amount of energy between ¢ and ¢ + de to an
electron (considered as free) is given classically by the well known formula'?

2axNetp 7 1

W(e)de = -~ -de 1

‘mv: XA &
where N is AvOGADRO’s number, m the mass of the electron, e the electronic
charge, v the velocity of the particle, p the density of the substance. £ Z the
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IONISATION BY FAST PARTICLES

sum of the atomic numbers in a molecule of the substance, and 24 the sum
of the atomic weights. This equation is assumed to be true for values of &
between ¢, and &, where ¢, is some ionisation potential of the atom,
and g,y i8 given by

Cmax = Eo for electrons
Emax = if“ for particles of mass y electron masses, and p>>1

where E, is the energy of the incident particle.

To obtain the energy loss per em of the particle, equation 1 may be integrat-
ed from gy, t0 £y By a quantum mechanical treatment, and using relativ-
istic equations, BETHE! obtained the expression

¢E  4nNetolZ 2mv? " " .
R L I

I in this formula is an “effective excitation energy’’ which is best determined
empirically. Values obtained for H5, He¢, Air'? and Al'? show that I ~ I, Z.

5r with I, =135 ev®®. The energy loss
is shown to be dependent on the velo-
4t city only, and is usually plotted asa
function of g/(1— f2)!, which is the
18 momentum of the particle in units of
& me. The relation is plotted in Fig.1.
Xl Tt will be seen that the curve has a
minimum, for which the value of  is
7+ about 0-96. Above this value, the
energy loss rises logarithmically with

0 g the momentum.
v 7'0,707'0. d o 1001;)’ He:Zj e;;g;(w) Tt has been pointed out by
Fig. 1. SWANN?® that the state of condensa-

tion of the matter must have an effect
on the energy loss, especially when § is nearly unity. FErmr2° showed under
certain simplifying assumptions that when the velocity of the particle exceeds
a certain value, the energy loss should tend to a constant value. A more
detailed calculation by HALPERN and HALL? and Wick?? shows that the
energy loss curve falls gradually below the value given by equation 2, and
earlier than calculated by FErmI.

It has been shown by FrRANK and TAMM %3, and others, that when the particle
velocity exceeds the velocity of propagation of an electro-magnetic disturbance
in the medium, part of the radiation field of the particle does not fall off
exponentially with distance, but becomes a wave analogous to the bow wave
produced by a ship. This radiation is called the CERENKOV 2! radiation after
its discoverer. A comprehensive treatment of ionisation, including the radiation
phenomena, has been given by ScHONBERG *,
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3. THE StaTIsTICS OF JONISATION LOSSES
(i) Small energy loss

To determine the energy loss of fast particles, the ionisation in a section of
track is often measured. The amount of ionisation in equal lengths of track
is, however, subject to fluctuations, partly because the number of collisions in
a given length of track is governed by Porsson’s Law, and partly because
the energy transferred at each collision follows a distribution law similar to
eq.(1). The resulting distribution has been discussed by Bonr*, , WiLLIAMs?8,
Laxpau®, and BLuNck and LEISEGANG *°,

Following the treatment by BoHR, which gives a clear physical picture of
the processes involved, we divide the collisions into two groups according as the
energy transferred is greater or less than &, where & is chosen so that on the
average just one collision transferring more energy than & occurs in the path
length considered. Then the collisions transferring less energy than & are nu-
merous and give a total energy loss with an approximately Gaussian distribution,
whereas those rare collisions which transfer more than £ form a distribution
such that the probability of transferring ¢ falls off inversely as 2. The width
of the distribution is caused mainly by collisions transferring quantities of
encrgy in the neighbourhood of &, since the smaller energy transfers occur so
frequently that their fluctuation is small, whereas the larger transfers occur so
infrequently that they contribute to the distribution a long but low tail. In
this region, the excess over the most nrobable value is mainly the result of
one collision transferring the whole of the excess energy.

From eq. (1), we have

4
2
where z is the length of track considered.

The value of & being proportional to z, it is clear from the foregoing dis-
cussion that the relative width of the distribution will be nearly independent
of z. In fact, the whole distribution changes only slowly with z, and provided
that z is already large enough for a substantial number of collisions to have
taken place, no appreciable increase of accuracy of the determination of the
most probable value of the ionisation results from an increase of x. This
result remains true as long as &< &,,,, the maximum transferable energy.
The case for & > g, i8 discussed later.

This result was obtained more quantitatively by LANDAU, who by a La-
PLACE transformation was able to deduce an expression for the whole distribu-
tion of energy losses. If 4 is the observed energy loss and 4, the most probable
energy loss, LANDAU gives the distribution of the quantity (4 —A4,)/&, as
a computed curve, shown in Fig. 2. For 4,, LANDAU obtains the expression

31008 2 .
Adg=E|ln 7‘,—(*1*_—_;37 +1-p° (4)

where I has been put equal to I, Z with I, = 13-5 ev.
This expression differs slightly from the formula eq.(2) which gives the
mean energy loss, notably in that x, contained in & appears in the logarithmio
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term. This is a consequence of the law of energy transfer, eq.(1), as pointed
out by WiLLiams,

A number of experiments are reported (see § 8) in which the widths of the
energy loss distributions have been measured. In most cases, the width is
considerably greater than that calculated by LANDAU. A possible cause of
this extra width has been investigated by BLunck and LErIseeane®, who
point out that when ¢ is near the atomic binding energies, resonance effects

02 take place. BLUNCK and LEISEGANG
show how a knowledge of the binding
\ energies can be used to correct LANDAU’s
theory. They find that the correction is
small when Z is small, but may be
1 large for large Z. Thus we may expect
01 the LaNDAU theory to be adequate
\ when Z <10, but the width is nearly
doubled for Argon.

(ii) Large energy loss
When the path length z is made
-5 0 5 0 75 sufficiently large, the value of £ as
-A taken from eq.(3) becomes larger than
Values of 3 ? émax- There are then mno rare, large
energy transfers, and the distribution
of energy losses becomes Gaussian.
The width can then bo obtained more directly. Using the classical law, eq.
(1), we may write the probability of transfer of energy between & and e +de
in a single collision as

Fig. 2.

Wie) de = - min fmex_ de 2a)

5 -
€max ~ émin ¢
The mean energy loss for n collisions is then

€min & €max
__m,l.g_‘!l&f‘*ln———.- -= nC,

&g = e

€max ~ min min

and the mean square deviation is
-6_12;': n (Emaxemln“cﬂ) =nD.
If Ais the most probable number of collisions in the length of track consider-
ed, and 1 is large, we may write the probability of » collisions occurring as

pl(n) = —— 24
Then A4,=7¢,=AC, and
g (n—Ap
3‘; = f_______nD + (g_:}.ﬂz—o—i e 2% dn
A
= A €max Emin -
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The relative standard deviation is thus given by
emax
0= |/t 5
VAO I (emax/Emn) ®
and the total relative width at half height is
26 l/mmﬂ‘_-_“
dyln (Emax/ ©min) ’

This result holds if (83)} > epay, ie. if Ag> emex I (Emax/Emin) OF & > emars
where & has the meaning given by eq. (3).

This case may arise when the incident particle is heavy and of moderate
energy. For instance, for 150 Mev protons, ey, ~ 0-3 Mev. If the protons
pass through a proportional counter of usual dimensions, & will be much
smaller than ¢, , and, if the 4
gas is composed of light ele- % [”/l’ ’l I {
ments the width given by the e e
LaxpAvu formulae will hold.
If, on the other hand, the par- 7y
ticles pass through a thickness \""’"/éq 2
of a scintillator, the inequality é=0-3Mev _]
above may hold, and the width Lo L 7
is then smaller. In Fig. 3, the R R R Y R Ry )
width of the distribution to be Lnergy foss Mev
expected for different values Fig. 3. Width (at half. maximum) of the energy-loss distribution

curve, in % of the most probable energy loss.
of 4, is plotted for 150 Mev
protons. The dotted region is drawn to join as smoothly as possible the two

regions where the analyses hold. In this calculation, we have of course
neglected the influence of nuclear collisions.

w
S

Relotive width
S

S

(iii) Loss of entire energy

If in eq.(5), we put 4, = E, the initial energy of the particle, the expression
gives the standard deviation of the energy distribution of those primary
particles which lose all their energy in just the given track length. By using
the range-energy relation, the straggling in range can be deduced. If the
range is proportional to the n’th power of the energy, (n is about § for natural
a-particles) we obtain the result that the standard relative deviation from the
mean range is #)/m/2 M L, where M is the mass of the particle, m the mass of
the electron, and L the term in curly brackets from eq.(2).

In the preceding sections, we have assumed that W, the energy loss per
ion pair is a constant, that is to say that a measurement of the ionisation
produced is a measure of the energy loss of the particle. When the entire
range of the particle is contained in the material, the total ionisation produced
is then a measure of the initial energy of the particle. FaNo03! has considered
the fluctuation in the number of ions produced by particles of constant
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energy. It is clear that if particles dould only lose energy by ionizing atoms,
there would be no fluctuation in the total number of ions produced. However,
energy is also lost by collisions which excite the atom without ionising it,
and also some energy is carried away by the electrons removed from the atom,
and some of this energy may excite atoms without ionising them. By consider-
ing the probabilities of excitation and ionisation, FAno finds that the standard
deviation of the number of ions is F'}/n where « is the mean number of ions pro-
duced, and F a factor which is difficult to estimate but should lie between
0-3 and 0-5. Experimentally, it is usually found impossible to separate these
fluctuations from other instrumental fluctuations, but this result seems to be
in agreement with the work of HANNA et al.32, and CURRAN et al.33,

4. TaE BeHAVIOUR OF W, THE ENERGY LOSS PER IoN Pamr

The energy loss per ion pair is found, for all kinds of matter, to be in the neigh-
bourhood of 30 ev. If values are substituted in the expression for the standard
deviation of the number of ion pairs given in the last paragraph, it will be seen
that the total number of ion pairs produced is a good measure of the energy
of the particle, better in fact, in most cases than the range of the particle.
With modern electronic techniques rapid accurate measurements of the size
of pulses from ionisation chambers can be made. When we consider that ionisa.-
tion chambers allow large areas of source, and large solid angles, to be used,
it is clear that this is an important method of measuring the energy of particles.
It can only give accurate values however, if the behaviour of W is known,
and this has been frequently neglected.

The value of W may vary with (i) the gas, (ii) the mass and charge of the
ionising particle, (iii) the velocity of the particle. Accurate absolute determina-
tions of W are very difficult, and in general the experiments give the mean
value of W over a range of velocities from the maximum to zero. Early work
has shown that W varies surprisingly little with any of the above parameters.
An explanation of the lack of correlation between W and the ionisation poten-
tial has been given by FAN0 in terms of a compensating number of exciting
collisions which ““waste” energy when the ionisation potential is low.

The experimental evidence on the variation of W with the mass and charge
of the particle, and with its velocity is at present conflicting, and little more
than qualitative results are obtainable from theory. The variation with mass
seems to be very small, as would be expected. CRENSHAW3S has measured the
loss of energy of protons and deuterons in hydrogen and deuterium, and finds
it to be the same for both particles if their velocities are the same.

In air, the failure of the HoLLOWAY-LIvINGSTON 3 range-energy relations
for a-particles, which depend on the assumption of constant W value, indicates
that the assumption is not valid, and this is confirmed by JEsse, ForsTAT and
Sapauskis®. These workers however report strict proportionality between
the energy loss of «-particles and their total ionisation in argon. It is to be
expected that W will be nearly constant when the ionisation potential is high,
as it is for argon, because as FANO points out, in such gases relatively little of
the energy loss is “wasted ”’ in excitation, and therefore variations inexcitation
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probability have only a small effect on W. Nevertheless, CransEAw and
HarvEY® measuring the total ionisation of natural «-emitters in argon found
evidence of a variation of W, and proposed the empirical relation

W=275+19E} (6)

where W is in electron volts per ion pair, and E in Mev. The results of HANNA3
on the disintegration of Boron by slow neutrons show that W is not the same
for the a-particle and the Li fragment, the ratio W;/W, being greater than
unity by about 5%. The results are concordant with the assumption that
eq.(6) holds for a-particles, and that W for the Li fragment is the same as
for an a-particle of the same velocity. On the other hand TUNNICLI¥FE and
WARD4® have measured the ionisation of recoil protons, deuterons, and
a-particles in various gases. They find a variation in W for different particles
which is roughly described by the above assumptions, but there remain con-
tradictions which cannot be explained as the result of oxperimental error.

HANNA®® has described the variation of W* = dE/dI, the instantaneous
value of W at energy E, in the following terms:

At high energy, greater than 4 Mev say, W* is constant, i.e. & = W* I 4- &, where

& is a constant of integration. At intermediate energies, where W* is not constant,

we can still write & = W* I + ¢,, where ¢, is a small energy (less than 100 kev)

which diminishes as E gets less. This has a physical interpretation. Below a certain
minimum energy the «-particle will produce no ionisation, expending its energy in
elastic collisions, so that 7 = 0 and ¢, == E. At higher energies ionisation becomes

a progressively more probabie event (&, increasing with, but not as fast as, £) until

finally, at a sufficiently high energy which is here taken as 4 Mev, the fraction of

energy absorbed in ionisation attains a constant value, and ¢, also reaches its maximum
and constant value, &,.

The value of g, in the case of a.-particles appears to be about 80 kev from
the work of Craxsmaw and HARVEY, ¢, = 47 kev for the a-particles, and
€14 = 66 kev for the Li fragment from the B disintegration from the work
of HANNA. Present experimental data are too scarce to permit any more
definite statement.

5. THE DETERMINATION OF A, FROM EXPERIMENTAL RESULTS

A procedure for determining the most probable value of the ionisation from
a limited number of observations has been given by BEHRENS4!, It consists,
briefly, in finding the best fit with the experimental data of a curve with two
variable parameters, one governing the most probable value, and one the
width of the curve. If only light elements are present (see §6) the LaANDAU
curve itself may be taken. The distribution of energy losses of 2 Mev electrons
in argon and krypton has been measured by Miss RoOTEWELL 42, who used many
particles so that statistical fluctuations were small. For experiments with these
gases, it is reasonable to assume that these curves represent the probability
distribution underlying any experiment with fewer particles. This procedure
has been used in calculating the most probable value of energy loss in argon
for the experiments of DunLAP and CRANSHAW given in § 6, and the experiment
of BECKER mentioned in § 10.
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This procedure might also be applied to cloud chamber results. In such a
case, the track would be divided into » cells, and the number of drops z in
each cell counted. Then z should be distributed according to the pro-
bability distribution already discussed, and the most probable value of
the ionisation can be determined by the curve-fitting procedure. It is
usual to divide the track into cells and then to reject those in which xz
exceeds some chosen value z,, in the neighbourhood of twice the most
probable value. The mean of those values for which z <, is then taken.

If x is distributed according to some function f(x), then the mean of the
values up to z, is given by

_Flzj(z)dx
R AR
L@z

(In the present case, the integrals will go from 0 to , only.)
The object of the experiment is usually to determine some change in .

Then 0F _ f()

(2 — 7).
% flamda
- 00

By inspection of LANDAU’s curve 9%/dx; ~5% for values of z, about twice
the most probable value of . Thus if the scale of # changes but z, remains
constant, the change of scale will be underestimated by a few percent. The
error i8 made smaller by making z, larger, but in that case the mean 7 is
found to be unreasonably influenced by rare large values of z. The curve
fitting procedure avoids these difficulties. Moreover the standard deviation
of the most probable value so obtained can bhe determined from the curve
fitting, whereas estimates of the error of 7 for all < z, cannot be made on the
data after rejection of thosez > z,, and estimates based oninternal consistency
are likely to overstimate the accuracy.

Another objection to the use of mean values is pointed out by PoncoreT-
sk1%, He considers the contribution to the jonisation in an experiment by the
large energy transfers. His assumptions are: the law given by eq. (1) for the
distribution of energy transfers; that the angle of emission of the dé-rays is

given by T
0(e) =)/~

that the loss of energy of 8-rays is the same as the primary particle; and that
scattering is negligible. PODGORETSKI then shows that the distance » between
the points at which the particle and a §-ray emerge from a wall is distributed

according to
__2aNep ZZ V'2—m—cT sr
n(r) dr = “7,:@“‘27{ A ‘,;—_71}
where 4 is the energy loss in the wall, s is the ionisation loss per ¢m, and the
other quantities refer to the gas outside the wall. With practical values for high
energy particles and thin walls, the values of  can be of the order of 10 m,and
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all these 8-rays will miss the counter. PoDGORETSKI shows that the loss due to
these missed rays is
Al In (emax/4) = (€max — 4/Emax)
I In (e :

max/Emin)

If A= emax, there is no loss of ionisation, but if the walls are thin, the Joss
may be large. For instance, if a meson of energy 5x 108 ev passes through
a chamber with Al walls 1 mm thick, 4I/I ~20%. This reduction of the
mean value is caused by the loss of the few highly energetic §-rays, whereas
the most probable value is scarcely affected.

6. COMPARISON WITH EXPERIMENT

In most of the published experimental work, insufficient attention has been
paid to the foregoing considerations. When experimental determinations of a

o T T
% 5 Coleuloted from Landou, || ]
N, — > -
N —t1 e o
S b——T] . d
¢0 ——
I/
i a
20
2 1 111 1 1 1 iy 1 11111
7 2 [ 6 810 2 v 6 81700 2 v ¢ 100
cm ofArgon at N.TP
Fig. 4.
(@) STUHLINGER, E.; Z. Physik 44 (1942) 208. (c) SWANN, W.F. G.; Phys. Rev. 43 (1933) 775.

(b) CrANSHAW, T. E.; Thesis Cambridge University 1951. (d) DUNLAP, C.; Phys. Rev. 67 (1945) 67.

quantity are distributed according to some law such as the LaNDAU distribu-
tion, it immediately appears unreasonable to give the mean value as the result,
because it is found that the inclusion of a few rare observations a long way along
the tail of the distribution affect the mean value to a large extent. It seems
undesirable to weight these observations so highly. It is therefore safe to
assume that published values of the specific ionisation refer to values near
the most probable value. On this assumption, we may check the agreement
of the experiments with eq.(4). In Fig. 4 are shown values of the specific
ionisation for cosmic ray mesons in argon. All the data refer to the normal
cosmic ray spectrum except the point due to CRANSHAW where the value refers
to minimally ionising particles. Accordingly another point is shown dotted
above this point to allow for the increase of energy loss with energy which may
occur for mesons (see § 10). The data are rather meagre, but fortunately cover
a wide range of energy loss. Although all the points fall below LANDAU’s
calculated value, the upward trend is clearly shown.

Several experiments have also been made recently which enable us to
compare the widths of experimental distributions with the widths predicted
by LaNDAU, and by BLunok and LeiseEcaNg. The results are summarised in
the accompanying table, where the widths given are total widths at half-height.
The energy losses concerned are all in the region & <g,,.x. In this region, as
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already pointed out, the width changes only slowly with 4,, and only one
calculated value is given although the experimental values refer to different
values of 4,. Results obtained by workers with photomultipliers and scintilla-
tors are included in the table. The two experiments on mica and Al were made
by measuring the energy of originally monokinetic electrons after passing
through the layer of matter. Another experiment% in which the original
electrons had a relatively wide distribution of energies is not included, but
is discussed by BLunck and LEriseeane. It should be pointed out that the
experimental values are total widths, and include any spreading of the distribu-
tion which may be caused by instrumental factors. The quoted values are
thus upper limits of the values due to the statistical processes of ionisation.
In the proportional counter and ion chamber results, instrumental factors
should be small compared with the quoted values. This may not be true for
the scintillator results, where it is rather difficult to ensure that the photo-
multiplier receives the same fraction of the light generated when the light is
generated at different parts of the crystal.

It will be seen that in general the agreement with the theory of BLuNCK
and LEISEGANG is quite good, and that for light elements, the theory of BLuxck
and Le1secAaNG does not differ significantly from that of Laxpau. In partic-
ular, the distributions in solids seem to obey the same law as in gases.

Table 1—Width (at half-maximum) of the energy-loss distribution curve,
in % of the most probable energy loss

Lo—

- Substance
Argon Krypton Maca Anthra- f{,”z:: Al
Particles cens v

Electrons . . . . . . 501 651 902 1007
Mesons . . . . . .. 558 765 508 3N
858
Calculated LANDAU . 37 39 452 323 324 397
Caleulated
BLUNCK, LEISEGANG 60 80 35 35 567

1 ROTHWELL, P.; Proc. Phys. Soc. B 64 (1951) 1911.

$ WHITE, P. and MILLINGTON, @.; Proc. Roy. Soc. 120 (1928) 701.
® ROSER, F. X. and BowEN, T.; Phys. Rev. 82 (1951) 284.

¢ NEY, E. P. and THON, D. M.; Phys. Rev. 81 (1951) 1068,

¢ BEOXER, et al; Proc. Phys. Soc A 65 (1052) 437.

¢ CRANSHAW, T. E.; Thesis, Cambridge University 1951.

7 BIRKHOFF, R. D.; Phys. Rev. 82 (1951) 448.

8 DUNLAP, C.; Phys. Rev. 67 (1045) 67.

7. TaE BEHAVIOUR IN L1QUIDS AND SoLIDS
In liquids, such as liquid argon 345, or helium %, or solids such as diamonds®89,
the collection of electrons has been demonstrated. The course of the phenomena
is expected to be the same in these substances as in gases, but there are two
features which may be expected to affect the details. Firstly, the density of
ionisation is so much higher, that some recombination is almost unavoidable.
Secondly, the energy required to make an ion pair may be much less than in
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gases. For instance, FREEMAN and VAN DER VELDEN?, AHEARNS, and MoKAY?
agree that in diamonds, the energy loss per ion pair is about 8 ev. SEITz%,
by a theoretical argument deduces a value even lower than this, and suggests
3ev per ion pair in liquid argon. HuTcHINSON4, however, obtains about
25 ev per ion pair.

Both these features will have some effect on the statistics of the ionisation
process. If the energy required for the formation of an ion pair is much smaller
than in gases, there will be a narrowing of the distribution. However, this
effect depends only on the logarithm of the ionisation energies, and the effect
is therefore small. The effect of recombination is to make the ionisation
collected a non-linear function of the energy loss of the particle. HuTcHINSON 4
finds that for a-particles the number of ion pairs collected is much smaller
than expected. If the non-linearity is appreciable in the energy region & for
o-rays, then the distribution in the region of the most probable value may
be considerably narrowed by this effect, although the long tail will remain.

8. THE BEHAVIOUR OF SCINTILLATORS

Two groups of substances have come into use recently as scintillators. These
are organic such as naphthalene, or inorganic, such as potassium iodide. The
inorganic crystals are found to give a light output proportional to the energy
of the particle when the whole range of the particle is contained in the crystal.
From this it follows that the light yield is proportional to the ionisation, and
all the previous theory for gasas, or solids applies directly. The organic crystals,
however, show marked deviations from linearity, the light output falling as
the ionisation density increases. In this case, the same considerations as for
the recombination in solids and liquids apply, and the distribution will be
narrowed. JENTSCHKEY and HoPKINS* have given curves of light output
against electron energy, which show that for many scintillators, the non-
linearity is considerable in the energy region near 20 kev. For a total energy
loss of about 200 kev, the effect of this non-linearity may be appreciable.

9. PHOTOGRAPHIC PLATES

The passage of ionising particles through photographic plates renders some
of the grains developable. The number of grains per unit length is a monotonic
function of the ionisation, or energy loss, but the function is not yet well known.
LATTES ef al.!? have shown how the grain density can be used to make deduc-
tions without knowing the law exactly.

Brau# has made the interesting assumption that the ionisation in the
photographic grains can be treated by analogy with strong electrolytes. On

this assumption, the probability of a grain becoming developable may be
written

P = 0{1 —e— b(db'/du)"}

where d E/d R is the loss of energy per unit length of the particle, b and ¢ are
constants which can be chosen so that the formula fits the empirical data.

281



IONISATION BY FAST PARTICLES

The number of grains per unit length for a constant energy of particle is
found to be distributed very nearly according to the Porssox Law, as is to
be expected, since there is a constant small probability that grains on the path
of the particle should become developable.

10. THE LoGARITHMIC INCREASE IN ENERGY Loss wiTH ENERGY

Experiments have been made to observe the relativistic increase in energy
loss with energy which is predicted by eq.(2), using nearly all the methods of
observing ionisation which are mentioned in the introduction.

For electrons, the cloud-chamber experiments of Hazen%, CorsoN and
BropE®, and SEN GUPTAS52 show a close agreement with the BETHE theory.
For mesons, the evidence is not yet very convincing. The points obtained by
SEN GupTA up to 5 Bev do not show the predicted increase, and points obtained
by GoopmawN, NicHOLSON and RATHGEBER®® with a proportional counter
up to 50 Bev confirm these results. On the other hand, experiments by
BECKER et al. with proportional counters, and by GHosH et al. 5 with a cloud
chamber show satisfactory agreement with the BETHE theory, and not with
the constant value found by other workers.

In scintillators, solid or liquid ion chambers, and photographic plates, the
density effect sets in at quite low velocities, and limits the expected rise.
Picrup and Voyvopic®, measuring the energies and ionisation of cosmic
ray particles by Coulomb scattering and grain counts respectively find a small
increase of ionisation up to a limiting plateau, in agreement with the theories
of Wick, and HALPERN and HarLr. WHITTEMORE and STREET® using a crystal
of silver chloride as an ionisation chamber found a small increase in ionisation,
and conclude that the rise is limited by the density effect. BoweN and Rosgr58
using anthracene with a photomultiplier find that the ionisation is almost
independent of energy, and draw the same conclusion. It is clear that these
experiments could be explained if the p-meson ionisation does not show the
relativistic rise, as suggested by the experiments of SEN Guera, and Goob-
MAN, NicHoLsoN and RaTHGEBER. Until more evidence is found confirming
the relativistic rise for u-mesons in gases, it is perhaps premature to consider
that the HALPERN and HALL cut-off has been demonstrated.

In conclusion, the CERENKOV radiation for w-mesons has been detected by
JELLEY®,
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